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ABSTRACT 
 
Biological systems have long been known to utilize two processes for energy 
conservation: substrate-level phosphorylation and electron transport phosphorylation. 
Recently, a new bioenergetic process was discovered that increases ATP yields: flavin-
based electron bifurcation (FBEB). This process couples an energetically favorable 
reaction with an energetically unfavorable one to conserve energy in the organism. 
Currently, the mechanisms of enzymes that perform FBEB are unknown. In this work, 
NADH-dependent reduced ferredoxin:NADP+ oxidoreductase (Nfn), a FBEB enzyme, is 
used as a model system to study this phenomenon. Nfn is a heterodimeric enzyme that 
reversibly couples the exergonic reduction of NADP+ by reduced ferredoxin with the 
endergonic reduction of NADP+ by NADH. Protein film electrochemistry (PFE) has been 
utilized to characterize the catalytic properties of three ferredoxins, possible substrates for 
Nfn enzymes, from organisms that perform FBEB: Pyrococcus furiosus (PfFd), 
Thermotoga maritima (TmFd), and Caldicellulosiruptor bescii (CbFd). Additionally, PFE 
is utilized to characterize three Nfn enzymes from two different archaea in the family 
Thermococcaceae: two from P. furiosus (PfNfnI and PfXfn), and one from Thermococcus 
sibiricus (TsNfnABC). Key results are as follows. The reduction potentials of the 
[4Fe4S]2+/1+ couple for all three ferredoxins are pH independent and modestly temperature 
dependent, and the Marcus reorganization energies of PfFd and TmFd are relatively small, 
suggesting optimized electron transfer. Electrocatalytic experiments show that PfNfnI is 
tuned for NADP+ reduction by both fast rates and a low binding constant for NADP+. A 
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PfNfnI variant engineered to have only cysteines as coordinating ligands for its [FeS] 
clusters has significantly altered rates of electrocatalysis, substrate binding, and FBEB 
activity. This suggests that the heteroligands in the primary coordination sphere of the 
[FeS] clusters play a role in controlling catalysis by Nfn. Furthermore, a variant of PfNfnI 
lacking its small subunit, designed to probe allosteric effects at the bifurcating site, has 
altered substrate binding at the NADP(H) binding site, i.e. the bifurcation site. PfXfn and 
TsNfnABC, representing different types of Nfn enzymes, have different electrocatalytic 
properties than PfNfnI, including slower rates of FBEB. This suggests that Nfn enzymes 
vary significantly over phylogenetically similar organisms despite relatively high primary 
sequence homology. 
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Chapter 1  
 
Introduction on Flavin-based Electron Bifurcation, Protein Film Electrochemistry, and 
Overview of This Dissertation 
 
 
David P. Jennings1 and Anne K. Jones1 
 
 
1School of Molecular Sciences, Arizona State University, Tempe, Arizona, USA 
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1.1 Bioenergetics and Electron Bifurcation 
Cells require energy to function. This energy is derived from metabolic pathways 
that ultimately produce adenosine triphosphate (ATP), the “energy currency” molecule of 
biology. ATP is produced in two energy conserving pathways: substrate level 
phosphorylation and electron transport phosphorylation.1, 2 Recently, a new bioenergetic 
process has been discovered known as flavin-based electron bifurcation (FBEB) that works 
in conjunction with the energy conserving pathways to increase ATP yields in anaerobes.3 
It was found that by utilizing FBEB, Clostridium species increase the ATP yield of 
glutamate metabolism from 0.75 to 0.9 mol ATP/mol glutamate.3 FBEB proteins spatially 
separate the electrons from a two-electron donor such that they reduce a higher potential 
acceptor at the end of an exergonic path and a lower potential acceptor ending an 
endergonic path. Figure 1.1 shows a qualitative energy level diagram for the FBEB enzyme 
investigated in this dissertation. Ultimately, the endergonic and exergonic reactions are 
coupled to make the overall process exergonic. In this work, the low potential acceptor is 
ferredoxin and the two-electron donor is NAD(P)H. To date, a growing number high 
potential acceptors have been discovered.4 It is hypothesized that electrons are channeled 
through the enzyme to substrates by electron transfer chains composed of flavins and iron-
sulfur ([FeS]) clusters. In cells that do not perform FBEB, low potential reducing 
equivalents, such as reduced ferredoxin, can only be produced by highly energetic methods. 
The high energy is produced either with light via the photosynthetic pathway or a lower 
potential donor such as hydrogen. Whereas in cells that perform FBEB, reduced ferredoxin 
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can be generated with a lower energy donor (i.e. NAD(P)H) when the process is coupled 
to an exergonic reaction (i.e. reduction of NAD+). In this way, energy is conserved. 
To date, FBEB has only been discovered in anaerobic bacteria and archaea.5 Many 
of these enzymes are reversible, making their in vivo functions difficult to ascertain. 
Furthermore, due to the large number of substrates required for activity the directionality 
of the proteins is difficult to ascertain. Currently, there are seven known types of FBEB 
enzymes.6 Many are large complexes of multiple subunits and cofactors, complicating both 
protein purification and analysis. To date, NADH-dependent reduced ferredoxin:NADP+ 
oxidoreductase (Nfn) has the fewest subunits and cofactors of any FBEB enzyme 
discovered.4 Thus, Nfn has emerged as the model enzyme to study this phenomenon. 
Although FBEB is a newly discovered phenomenon, electron bifurcation has been 
known for over 40 years. Peter Mitchell first described electron bifurcation in the Q cycle 
of the respiration oxidoreductase Complex III.7 Unlike FBEB, which relies on flavin 
cofactors, electron bifurcation via the Q cycle takes place at quinone molecules. Thus, 
electron bifurcation via the Q cycle falls into a class of electron bifurcation known as 
quinone-based electron bifurcation (QBEB). As in FBEB, two electrons are donated to 
Complex III by a quinol and are spatially separated into a high potential pathway and a low 
potential pathway, as shown in Figure 1.2. The high potential pathway reduces cytochrome 
c. The low potential pathway reduces a second quinone. Quinol is oxidized on the outside 
of the cell membrane, liberating protons, and quinone is reduced on the interior side of the 
cell membrane, uptaking protons from inside the cell. Ultimately, this results in energy 
conservation via proton pumping.  
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Because FBEB and QBEB share some similar mechanistic principles, it is 
hypothesized that three key properties are needed for a protein to perform electron 
bifurcation. First, the protein requires a cofactor that can donate or accept one or two 
electrons that acts as the site of electron bifurcation. In the case of FBEB proteins, this is a 
flavin. Second, the electron bifurcating center is located in the enzyme between two distinct 
electron transfer paths. Third, the two electronic states of the electron bifurcating center 
have crossed potentials, i.e. the reduction potential of the intermediate state to the fully 
reduced state is at a higher potential than the reduction potential of the oxidized state to the 
intermediate state (Figure 1.3).8 Since the potentials of the bifurcating site are crossed, this 
generates a “hot electron” after the first oxidation of the fully reduced state. Thus, electron 
transfer must be controlled within the protein to stop the “hot electron” from going down 
the lower energy pathway (Figure 1.1) and to avoid charge recombination. In Complex III 
and two FBEB enzymes (flavoprotein-butyryl-CoA dehydrogenase and caffeyl-CoA 
reductase), electron transfer is controlled by structural gating whereby conformational 
changes cause cofactors to be closer or farther from each other to speed up or inhibit 
electron transfer.9-11 Charge recombination can be stopped by spatial separation of the 
bifurcated electrons, i.e. the electron transport chains are distant from each other. 
 
1.2 Nfn Proteins 
NADH-dependent reduced ferredoxin:NADP+ oxidoreductase (Nfn) enzymes are 
FBEB proteins with the fewest number of subunits and cofactors and, thus, are model 
systems to study FBEB. Most Nfn enzymes that have been discovered are heterodimeric 
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proteins that contain a large subunit (L) and a small subunit (S).12, 13 One trimeric Nfn is 
known, from Thermococcus sibiricus (TsNfnABC), that has A and B subunits 
corresponding to the L and S subunits, respectively, as well as an accessory C subunit. The 
structure of a Nfn from the hyperthermophile Pyrococcus furiosus (PfNfnI), which is 
studied extensively in this thesis, is shown in Figure 1.4. The L subunit contains a flavin 
adenine nucleotide (FAD) and two [4Fe4S] clusters. The FAD cofactor, known as L-FAD, 
is the proposed site of bifurcation and also the NADP(H) binding site.12 The two [4Fe4S] 
clusters are differentiated based on their proximity to the L-FAD site; one is the proximal 
[4Fe4S] cluster and the other is the distal [4Fe4S] cluster. Ferredoxin binds to the L subunit 
close to the distal [4Fe4S] cluster.14 The S subunit contains another FAD, known as S-
FAD, which binds NAD(H),14 and a [2Fe2S] cluster. 
Interestingly, the two FeS clusters closest to the bifurcation site, the proximal 
[4Fe4S] cluster and the [2Fe2S] cluster, have non-canonical coordination spheres 
containing a non-cysteine coordinating ligand.15 The proximal [4Fe4S] cluster is 
coordinated by three cysteines and a glutamic acid, and the [2Fe2S] cluster is ligated by 
three cysteines and an aspartic acid. The former is a motif previously observed in 
ferredoxins,16, 17 but the latter is unprecedented in nature. It is likely these unusual 
coordination spheres impact catalytic properties that are necessary for the function of the 
enzyme. Thus, it is hypothesized that these non-cysteine ligands control electron transport 
within the enzyme and ultimately the rate of electron bifurcation. 
In agreement with the hypotheses for electron bifurcation mentioned above, Nfn 
enzymes contain redox centers that can perform both one and two electron transfer 
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reactions (L-FAD and S-FAD). The X-ray crystal structure of Nfn shows that L-FAD is 
centrally located in the protein between two distinct electron transfer chains. Furthermore, 
this cofactor has an extremely short lived intermediate state, suggesting that L-FAD has 
crossed potentials.14 
Nfn enzymes catalyze the reversible reaction shown in Equation 1. In solution assays, 
all three substrates are required; no activity is measured when only two substrates are 
present.12, 13 However, a so-called “leaky” Nfn protein has been investigated, i.e. one for 
which activity is observed in the presence of only two substrates.18 The mechanisms 
controlling “tight” vs. “leaky” bifurcation are unknown, but electrochemical examination 
of this “leaky” Nfn can be found in Chapter 6 of this dissertation. To date, the in vivo 
function of Nfn enzymes is believed to be NADP+ reduction.5, 13 However, TsNfnABC may 
favor the reverse reaction, vide infra. Currently, it is unknown what determines the 
directionality of Nfn enzymes. Further examination of TsNfnABC can be found in 
Chapter 6 of this dissertation. 
2 NADP+ + NADH + 2 Fd- + H+ ⇌ 2 NADPH + NAD+ + 2 Fd         Equation 1 
To date, the mechanism, or mechanisms, of electron bifurcation in Nfn is unknown. 
However, since structural gating is important for flavoprotein-butyryl-CoA dehydrogenase 
and caffeyl-CoA reductase,9, 11 it has also been hypothesized to be important for the 
function of Nfn. X-ray crystallographic data suggests that there are no conformational 
changes in PfNfnI or Nfn from Thermotoga maritima (TmNfn) upon binding of 
substrate.12, 14 However, hydrogen-deuterium exchange mass spectrometry suggests that 
conformational changes do occur, at least outside of the solid phase, after binding of 
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substrate for PfNfnI and TmNfn, and these changes can alter the distances between 
cofactors.19, 20 
 
1.3 Electrochemical Methods and Theory 
1.3.1 Protein Film Electrochemistry 
Protein film electrochemistry (PFE) is a technique in which the electroactive protein 
of interest is immobilized onto an electrode surface such that it can exchange electrons 
directly with the electrode without need for a chemical mediator, shown in Figure 1.5. The 
protein can then be probed via electrochemical experiments under carefully controlled 
experimental conditions including electrical potential. Depending on the cell potential, 
electrons either flow into or out of the protein, and the flow of electrons across the 
electrode-protein interface is measured as current. Proteins can be studied under a myriad 
of non-catalytic or catalytic conditions. Under catalytic conditions, current is directly 
proportional to enzyme activity and surface coverage. 
The most common method for measuring enzyme activity is solution assays. PFE 
has many benefits over solution assays. First, less protein is required to perform a PFE 
experiment than solution assays. Currents can typically be detected from as little as 
picomoles of sample.21 Second, since the protein is directly immobilized on the electrode 
surface, the same protein sample can be interrogated in a variety of conditions by simply 
changing the solution in the electrochemical cell such that one protein sample can be reused 
and investigated over hours of experiments. Third, the catalytic mechanism for an 
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oxidoreductase can be complicated with multiple processes part of the whole scheme. 
Many of these processes involve potential dependent reactions, thus, cannot be readily 
examined thoroughly with redox mediators in solution assays. A great deal of effort has 
gone into modelling these results to understand enzyme mechanisms, such as turnover,22, 
23, catalytic bias,24 and inactivation processes.25, 26 Fourth, the electrical potential applied 
to the enzyme can be easily controlled and varied. 
PFE is used throughout this dissertation to investigate the properties of Nfn enzymes. 
In the next several sections, I explain the types of PFE experiments performed in this 
dissertation in detail, including the experimental setup, the principles of non-catalytic 
voltammetry, and the principles of catalytic cyclic voltammetry and chronoamperometry. 
  
1.3.2 Electrochemical setup 
The main limitation of PFE is that the protein must be immobilized on the electrode 
surface in an orientation whereby electrons can be transferred over the electrode-protein 
interface. Immobilization can occur either through physisorption or covalent attachment of 
the protein on an electrode surface. If the enzyme cannot be immobilized on the electrode 
either through physisorption or chemisorption or if proteins are not productively oriented 
on the electrode surface, current is not observed. To overcome these limitations, many 
strategies have been adopted. First, a variety of electrodes materials can be used to 
immobilize the enzymes, including: graphite,27-29 gold,30-32 indium tin oxide,33 and 
antimony-doped tin oxide.34 Pyrolytic graphite edge (PGE) electrodes are commonly used 
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because the rough surface topography facilitates adsorption of many different proteins. 
Second, electrode surfaces can be functionalized to improve the interaction of the electrode 
with the protein. For example, lipids can be assembled to adsorb membrane-bound 
proteins,35 carbon nanotubes can be added to increase surface area,36, 37 and functional 
groups can be added for covalent immobilization or to change the surface charge.38, 39 
Third, point mutagenesis has been used to introduce unnatural amino acids site specifically 
as a handle to covalently attach the protein to an electrode surface in a specific 
orientation.40, 41 
In this thesis, all protein samples were physisorbed to pyrolytic graphite edge-plane 
(PGE) electrodes. The PGE electrodes were custom made consisting of a steel insert 
attached to a PGE rod with 28 mm2 surface area housed in a Teflon casing. The steel insert 
could be attached to a motor so that the electrode could be rotated to control solution flux 
to the electrode surface and negate substrate or product mass transport limitations. 
The PGE working electrode is used in a three-electrode cell with a platinum wire 
as counter electrode and a Ag/AgCl reference electrode (Figure 1.6). The three-electrode 
setup is used to ensure the applied potential is accurate by limiting the effects of the internal 
resistance of the cell solution.42 The potential, relative to the reference electrode, is 
controlled by an Autolab potentiostat. The current flow between the working electrode and 
the counter electrode is measured. The electrochemical cell is water jacketed for 
temperature control. 
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1.3.3 Non-catalytic voltammetry 
In the absence of substrate, protein non-catalytic behavior can be probed to 
determine reduction potentials of cofactors. Under non-catalytic conditions, the enzymes 
accept or donate electrons to the electrode surface, but cannot turnover. Hence, a finite 
number of electrons can be accepted or donated by the enzyme. In general, these processes 
are reversible, one-electron reactions that obey the Nernst equation (Equation 2). 
E = E଴ − ୖ୘
୬୊
ln ୻౨౛ౚ
୻౥౮
    Equation 2 
 Where E is the reduction potential of the reaction of interest, E0 is the reduction 
potential of the reaction at standard conditions, R is the ideal gas constant, F is Faraday’s 
constant, and Γ is the electroactive surface coverage of the immobilized species with the 
subscripts indicating the oxidized or reduced form.  
 In this dissertation, two types of voltammetry were used for non-catalytic 
experiments: cyclic voltammetry and square wave voltammetry. The convention that 
positive current corresponds to oxidative processes and that negative current corresponds 
to reductive processes is followed throughout. 
 As shown in Figure 1.7A, in cyclic voltammetry, the electrode potential is linearly 
increased or decreased between two limits and then scanned in the opposite direction to 
return to the starting potential. Current is measured in response to the changes in potential. 
Two types of current can be observed: the nonfaradaic current that arises from formation 
of an electrical double layer as counter ions organize around the charged electrode, and 
faradaic current corresponding to redox reactions. Under noncatalytic conditions, faradaic 
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current associated with a reversible process results in a peak centered on the reduction 
potential of the underlying reaction, E (Figure 1.7C). The speed with which the potential 
is scanned, known as the scan rate and measured in units of V s-1, can be varied to probe 
the kinetics of electron exchange. 
 In square wave voltammetry, the potential is scanned between two limits, but the 
potential is changed in a staircase pattern (Figure 1.7B). At each step, the electrode 
potential is cycled to a more positive and negative value and current is monitored. Peaks 
in the graph arise from redox processes with the current maximum corresponding to the 
reduction potential (Figure 1.7D). The staircase waveform minimizes nonfaradaic current 
such that the signal to noise ratio is higher for square wave voltammetry than for cyclic 
voltammetry and signals unobservable in cycle voltammetry may be detected. 
 
1.3.4 Catalytic voltammetry and chronoamperometry 
Incorporation of substrate into a PFE experiment allows multiple catalytic 
turnovers to be observed. When the active site of the oxidoreductase is in the correct 
oxidation state to react with the substrate, catalysis occurs. In the case of reductive 
catalysis, the enzyme loses one electron (or more) to the substrate and can then be re-
reduced by the electrode. The transfer of electrons from the electrode to the enzyme is 
detectable as current. Observed current, a rate of charge transfer per unit time, is directly 
proportional to turnover frequency of the enzyme. Thus, a cyclic voltammogram shows the 
potential dependence of catalytic turnover rates. Typically, rate increases with increasing 
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electrical driving force until a limit, observed as a current plateau, is reached at high driving 
forces at which point electron transfer is no longer rate-limiting. Oxidative catalysis is 
precisely analogous to reductive catalysis, but the direction of current flow is the opposite.  
Catalytic voltammograms contain a wealth of kinetic information that can be 
determined by fitting to a kinetic model.23 If the enzyme is reversible, then the catalytic 
bias, defined herein as the ratio of the oxidative current to the reductive current (iox/ired), 
can be measured. This ratio is a quantitative measure of whether the enzyme catalyzes one 
reaction faster than the reverse reaction. If extra energy is required to start catalysis beyond 
the reduction potential of the substrate, then the enzyme exhibits an overpotential for that 
reaction. Examples of voltammograms from an ideal catalyst and a catalyst with 
overpotential are shown in Figure 1.8. For an ideal catalyst, there is no catalytic bias at the 
same driving force, i.e. iox = ired, and there is no overpotential for catalysis. 
 Chronoamperometry is an electrochemical technique in which the electrode is 
poised at a potential or series of potentials, and the current is measured as a function of 
time. It can be used to disentangle effects of potential and kinetics that can be convoluted 
in cyclic voltammetry experiments.  
 
1.4 Enzyme Kinetics 
Enzyme reactions can be modelled as shown in Scheme 1 in which E represents 
enzyme, S represents substrate, ES represents the enzyme-substrate complex, and P 
represents the product. Substrate can reversibly bind to the enzyme to form ES. ES can 
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either react to form free enzyme and product, or substrate can unbind to form free enzyme 
and substrate.  
E + S ⇌ ES → E + P    Scheme 1 
 The model in Scheme 1 can be described according to Michaelis-Menten kinetics 
whereby the rate of the reaction (v) is given by Equation 3. Where Vmax is the maximum 
rate of the reaction, [S] is the concentration of substrate, and Km is the Michaelis constant. 
Km is loosely defined as the affinity of the enzymes for the substrate although it is a mixture 
of various kinetic and thermodynamic terms. 
v =  ୚ౣ౗౮[ୗ]
୏ౣା[ୗ]
     Equation 3 
 A Lineweaver-Burk or double reciprocal plot is typically used to determine Km. 
Equation 3 can be rearranged to Equation 4 in which 1/v is directly proportional to 1/[S] 
such that a plot of this form results in a straight line with an intercept of 1/Vmax and a 
gradient of Km/Vmax. Hence, dividing the gradient by the intercept gives Km. Figure 1.9 
shows a typical Michaelis-Menten analysis of data from this dissertation.  
ଵ
୴
=  ଵ
୚ౣ౗౮
+  ୏ౣ
୚ౣ౗౮ [ୗ]
      Equation 4 
 Many enzymes are reversible, which means that both the substrate and product will 
bind at the same site and react. Since both substrate and product compete for the same 
active site, each can inhibit the activity of the other. The scheme for reversible competitive 
inhibition is shown in Scheme 2.  
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         EI 
                + I ⥮  
  E + S ⇌ ES → E + P                                            Scheme 2 
 Here, I represents inhibitor and EI is the enzyme-inhibitor complex which is a dead-
end complex, i.e. EI can only dissociate to form free enzyme and inhibitor. Thus, the 
equilibrium constant is equal to the inhibition constant. In this particular case, the inhibition 
constant is equal to the binding constant of I in the presence of S (Equation 5). The rate of 
catalysis for reversible competitive inhibition is given in Equation 6. The format is similar 
to the rate equation for Michaelis-Menten kinetics (Equation 3), where Km is increased by 
1 + [I]/Ki (Equation 7). Hence, in competitive inhibition, the Michaelis constant for the 
substrate increases to take into account the inhibition. 
K୧ =
[୉][୍]
[୉୍]
    Equation 5 
v =  ୚ౣ౗౮[ୗ]
୏ౣ൬ଵା
[౅]
ే౟
൰ା[ୗ]
=  ୚ౣ౗౮[ୗ]
୏ౣ
౗౦౦ା[ୗ]
        Equation 6 
K୫
ୟ୮୮ =  K୫(1 +
[୍]
୏౟
)          Equation 7 
 To measure Ki, Dixon plots or double reciprocal plots over a range of substrate 
concentrations are employed. Equations 8 to 10 show how Ki can be derived. 
ଵ
୴భ
=  ଵ
୚ౣ౗౮
+  
୏ౣ(ଵା
[౅]
ే౟
)
୚ౣ౗౮ [ୗ]భ
          Equation 8a 
ଵ
୴మ
=  ଵ
୚ౣ౗౮
+  
୏ౣ(ଵା
[౅]
ే౟
)
୚ౣ౗౮ [ୗ]మ
         Equation 8b 
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 ଵ
୚ౣ౗౮
+  
୏ౣ(ଵା
[౅]
ే౟
)
୚ౣ౗౮ [ୗ]భ
=  ଵ
୚ౣ౗౮
+  
୏ౣ(ଵା
[౅]
ే౟
)
୚ౣ౗౮ [ୗ]మ
         Equation 9 
୏ౣ
୚ౣ౗౮
ቀ1 + [୍]
୏౟
ቁ ቀ ଵ[ୗ]భ −
ଵ
[ୗ]మ
ቁ = 0    Equation 10 
 Hence, at the point of interception of two (or more) plots of 1/v against [I] at 
different substrate concentrations, Ki = -[I]. Figure 1.10 shows typical Dixon plots from 
results of inhibition experiments found in this dissertation. The two plots show that 
(enzymatic activity)-1 plotted against inhibitor concentration at three substrate 
concentrations yields straight lines that converge on one point, whereas substrate 
concentration/enzymatic activity plotted against inhibitor concentration produces parallel 
lines at different substrate concentrations. These results are diagnostic of competitive 
inhibition. 
 
1.5 Goals of this Dissertation 
The overarching goal of this dissertation is to define mechanisms of FBEB in Nfn 
enzymes. In particular, PFE has been used to determine the reduction potentials of 
cofactors and to probe electrocatalytic properties including both relative rates and substrate 
binding constants. 
Chapter 2 explores redox properties of ferredoxins, a common substrate to all FBEB 
enzymes. Ferredoxins from three organisms are examined: Pyrococcus furiosus, 
Thermotoga maritima, and Caldicellulosiruptor bescii. The aim of this work was to study 
how ferredoxins transfer electrons to FBEB enzymes. To this end, key electron transport 
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properties, such as reduction potential and reorganization energy, were measured under 
different conditions.  
In Chapter 3, electrocatalytic characterization of NfnI from P. furiosus (PfNfnI) is 
presented. I show that PfNfnI contains a [4Fe4S] cluster with an unusually low reduction 
potential and is tuned to electrocatalytically reduce NADP+. This was observed through 
preferential binding of NADP+ over NADPH, and NADP+ having the lowest binding 
constant in the presence of inhibitor, and the highest rate of catalysis observed for NADP+ 
reduction. 
In Chapter 4, site-directed variants in which the non-cysteine ligands to [FeS] 
clusters in PfNfnI are replaced by cysteine are electrochemically probed. Both the rates of 
catalysis and substrate binding constants are impacted by these changes such that the 
variants are more biased toward the oxidative reactions. Furthermore, the mutations 
decrease the affinity of PfNfnI for NADH and the preference of PfNfnI to bind NADP+ 
over NADPH. 
Chapter 5 defines the electrocatalytic properties of a protein consisting only of the 
PfNfnI large subunit. This protein has a number of catalytic differences from holo-PfNfnI 
including most notably decreased binding affinity of NADPH. 
Chapter 6 describes the electrocatalytic characterization of two additional Nfn 
enzymes: a second Nfn enzyme from P. furiosus, PfXfn, that is a homologue of PfNfnI 
with major differences in the small subunit and a trimeric Nfn from Thermococcus sibiricus 
(TsNfnABC). Both PfXfn and TsNfnABC have weaker binding affinities for the 
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nicotinamide substrates than PfNfnI. Furthermore, in contrast to PfNfnI, it was found that 
both PfXfn and TsNfnABC have slow rates of catalysis for NAD+ reduction and NADH 
oxidation and TsNfnABC has a slower rate of NADH-dependent reduction of NADP+ than 
PfNfnI.  
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Figure 1.1: Qualitative energy level diagram for the Nfn enzyme. The species responsible 
for each energy is written next to them. The green line shows the preferred electron transfer 
pathway for Nfn necessary for electron bifurcation. The red line shows the more favorable 
electron transfer pathway that does not occur in Nfn. 
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Figure 1.2: A diagram of the Q cycle in Complex III. The crystal structure of mitochondrial 
Complex III is shown in green ribbon (PDB: 1NTZ).43 Ubiquinol (QH2) and ubiquinone 
(Q) are shown in red stick format. The heme groups and [FeS] cluster is shown in stick 
format and colored according to their elemental composition (C = grey, H = white, O, Fe 
= red, N = blue, S = yellow). 
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Figure 1.3: Theoretical titration of a two-electron redox center with uncrossed (A) or 
crossed (B) reduction potentials of the redox states. The black lines show the separate one-
electron transfer events or the two-electron transfer. The red dashed line shows the first 
reduction event and the blue dashed line shows the second reduction event. The colored 
arrows indicate the change in the reduction potential of the two reduction events required 
for the states to be crossed. 
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Figure 1.4: X-ray crystal structure of Nfn from Pyrococcus furiosus (PDB: 5JFC).14 The 
small and large protein subunits are shown in ribbon as green and blue, respectively. S-
FAD and L-FAD are shown in stick format and colored by element (C = grey, H = white, 
O = red, N = blue, P = orange). The [FeS] clusters are shown as space-filling spheres with 
the following elemental composition coloring: Fe = red, and S = yellow. 
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Figure 1.5: Diagram of PfNfnI physisorbed to an electrode surface in different 
orientations. The crystal structure of PfNfnI is shown in ribbon (PDB: 5JFC),14 and follows 
the same coloring scheme described in the caption of Figure 1.4. The black box represents 
the electrode as indicated. 
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Figure 1.6: Diagram of the three-electrode electrochemical set-up used for the experiments 
in this dissertation.  
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Figure 1.7: Variation of potential with time for (A) cyclic voltammetry and (B) square 
wave voltammetry. In panel B, the dashed lines show the average potential for each step. 
(C) Cyclic voltammogram of ferredoxin from P. furiosus immobilized on a graphite 
electrode. (D) Square wave voltammogram of Nfn from P. furiosus immobilized on a 
graphite electrode. 
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Figure 1.8: Theoretical cyclic voltammograms showing electrocatalysis of (A) a catalyst 
with zero overpotential and (B) a catalyst with an overpotential to catalysis. The 
reduction potential of the substrate is arbitrarily set to 0 V. 
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Figure 1.9: Representative data demonstrating Michaelis-Menten, i.e. saturation, kinetics 
shown as enzymatic activity as a function of substrate concentration (A) and as a 
Lineweaver-Burk or double reciprocal plot (B). 
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Figure 1.10: Representative kinetic data demonstrating competitive inhibition. (A) Dixon 
plot in which the intercept of all three lines is Ki. (B) Substrate concentration/enzymatic 
activity as a function of inhibitor concentration showing that competitive inhibition results 
in parallel lines. 
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2.1 Abstract 
Ferredoxins are small redox-active proteins that are used for electron transport in 
biological systems. These proteins are important in bioenergetic processes, including the 
recently discovered process of flavin-based electron bifurcation (FBEB). To date, 
ferredoxins are substrates for all known FBEB enzymes providing a fresh imperative to 
study ferredoxins from organisms that perform FBEB. In this work, protein film 
electrochemistry is utilized to characterize ferredoxins from one archaea and two bacteria 
that perform FBEB: Pyrococcus furiosus, Thermotoga maritima, Caldicellulosiruptor 
bescii. The reduction potential of all three ferredoxins were found to be in the expected 
range for [4Fe4S] cluster-containing proteins and is pH independent with a modest 
temperature dependence. The Marcus reorganization energy was measured for the 
ferredoxins from P. furiosus and T. maritima to be minimal for fast electron transfer.  
 
2.2 Introduction 
Flavin-based electron bifurcation (FBEB) has emerged as an important bioenergetic 
reaction that increase ATP yield via biological energy conservation.1-3 To date, all 
characterized FBEB proteins are oxidoreductases using ferredoxin as a substrate.3 Hence, 
there is a new importance to understanding the electronic properties of ferredoxins, with a 
particular focus on ferredoxins in organisms that perform FBEB, to define how multi-
protein complexes including bifurcating oxidoreductases and ferredoxins function together 
in energy conservation.  
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Ferredoxins are ubiquitous, small, redox-active proteins. They perform processes 
essential for cell survival like electron transfer and redox signalling.4 Ferredoxins contain 
one or two iron-sulfur clusters and are commonly classified by the number of Fe atoms 
they contain. The most commonly studied ferredoxins, known as 2Fe, contain a single 
[2Fe2S] cluster and are expressed in aerobes. Ferredoxins known as 4Fe, 7Fe, and 8Fe, 
which contain a [4Fe4S] cluster either alone or together with a [3Fe4S] or another [4Fe4S], 
respectively, have also been investigated. These ferredoxins are typically expressed in 
anaerobic organisms and tend to be more oxygen-sensitive. 
To date, FBEB has only been observed in anaerobes including species such as 
Pyrococcus furiosus, Thermotoga maritima, and Caldicellulosiruptor besci.5-8 These 
organisms are also hyperthermophiles with optimal growth temperatures of 100, 80, and 
78 °C, respectively.9-11 P. furiosus and T. maritima both contain a 4Fe ferredoxin and C. 
bescii contains an 8Fe ferredoxin. Although the ferredoxin from P. furiosus (PfFd) is well 
studied,12-17 little is known about T. maritima ferredoxin (TmFd) beyond the reduction 
potential,18, 19 and, prior to this study, C. bescii ferredoxin (CbFd) had never been isolated 
or characterized. 
Protein film electrochemistry (PFE) is commonly used to investigate the redox 
properties of ferredoxins since reduction potentials as well as their dependence on solution 
conditions can be rapidly determined with small quantities of sample.12, 20-24 In this study, 
PFE has been utilized to define the reduction potentials and related electron transfer 
characteristics, including Marcus reorganization energy, of PfFd, TmFd, and CbFd under a 
range of experimental conditions. The results demonstrate that these proteins are tuned for 
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their function in FBEB because their reduction potentials are not significantly impacted by 
changes in temperature and pH over physiological conditions. Further, the proteins have 
minimal reorganization energy for efficient electron transfer. 
 
2.3 Materials and Methods 
Experiments were performed under a nitrogen atmosphere in a glove box in a water-
jacketed electrochemical cell. The temperature inside the cell was controlled via a water 
circulator. Solutions were prepared using deionized water (18.2 M cm), and chemicals 
were of the highest grade commercially available. The cell contains a side arm connected 
to the main compartment via a Luggin capillary to house the reference electrode at ambient 
temperature. Standard three electrode experiments were conducted using a pyrolytic 
graphite edge working electrode (A = 0.8 cm2), a Ag/AgCl/3 M KCl reference electrode 
(measured against the Fe(CN)63+/2+ couple to be 0.21 V vs. SHE), and a platinum wire 
counter electrode. Experiments were completed in a mixed buffer containing 15 mM each 
of HEPES, MES, TAPS and sodium acetate and 0.1 M NaCl. Buffers were adjusted to the 
desired pH with 6 M HCl or 6 M NaOH. Protein films were created using a modification 
of the method initially described by Duff et al.23 Briefly, the working electrode was 
polished with a slurry of 1 μm alumina (Buehler) and sonicated in water to remove excess 
alumina. A 5 μL sample of 100 μM protein in pH 7 buffer containing 200 μg mL-1 
polymyxin was spotted onto the electrode and left until almost dry. The film-coated 
electrode was then transferred to solutions of the desired composition for experiments. To 
account for the impact of cell resistance on measured potentials for experiments performed 
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at high scan rates, manual iR compensation was used. Data was collected using an Autolab 
potentiostat. High frequency noise and nonfaradaic current were removed from 
voltammograms using QSOAS.25 The program Jellyfit was used to fit k0 values to 
potentials of oxidative and reductive peaks from cyclic voltammograms at various scan 
rates.26  
 
2.4 Results 
Figure 2.1 shows cyclic voltammograms at 25 °C for the ferredoxins from P. 
furiosus (PfFd), T. maritima (TmFd), and C. bescii (CbFd) immobilized on graphite 
electrodes. All three voltammograms show a symmetric pair of peaks with a peak 
separation of approximately 50 mV, indicating that the ferredoxins are reversibly oxidized 
and reduced. The average potential of these peaks corresponds to the reduction potential of 
the ferredoxin immobilized on graphite. Thus, the reduction potentials for PfFd, TmFd, and 
CbFd are -0.39 ± 0.08, -0.38 ± 0.07, and -0.44 ± 0.04 V, respectively. These reduction 
potentials are consistent with values previously reported for PfFd and TmFd.12, 18 In 
previous reports, the peaks observed for PfFd and TmFd are attributed to the [4Fe4S]2+/1+ 
couple. Hence, the peaks observed in Figure 2.1A and B are attributed to the same redox 
event. The cyclic voltammogram of CbFd is consistent with voltammograms of other 8Fe 
ferredoxins, including an 8Fe ferredoxin from the closely related thermophile Clostridium 
thermocellum.22, 27 These previous studies attribute the peaks in the voltammogram to the 
[4Fe4S]2+/1+ couple. Hence, we conclude that the peaks observed in Figure 2.1C can also 
be attributed to this couple. Further support for the assignment of the peaks comes from 
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the peak full-width at half-height. For all three proteins, the full width half-height of both 
oxidative and reductive peaks is 100 mV, which is close to the 90 mV value predicted for 
a one-electron process.28 If these signals were to arise from multiple, overlapping, one-
electron processes at significantly different reduction potentials, the peaks would be 
expected to be wider. This suggests that the two [4Fe4S] cluster cofactors within CbFd are 
oxidized and reduced with very similar reduction potentials. The net effect is that CbFd 
can effectively function as both a one-electron and a two-electron carrier within the same 
potential region. 
Additional peaks have been observed in electrochemical studies of some 
ferredoxins, including PfFd, that were not observed in these experiments.12, 21 The extra 
signals are believed to arise from oxidation degradation of the [4Fe4S] cluster to a [3Fe4S] 
cluster. No other signals were observed in the cyclic voltammograms shown in Figure 2.1, 
suggesting that, under these experimental conditions, oxidative degradation does not occur. 
 Since these ferredoxins come from thermophilic organisms, voltammetric 
experiments were conducted over a range of temperatures to estimate reduction potentials 
under physiologically relevant conditions. Figure 2.2 shows the temperature dependences 
of the [4Fe4S]2+/1+ reduction potentials of immobilized PfFd, TmFd, and CbFd. Each 
protein has a modest change in the reduction potential of approximately -1.6 mV °C-1. The 
temperature dependence of the [4Fe4S]2+/1+ couple has previously been reported 
as -1.4 mV °C-1 for PfFd,20 which is consistent with the results here. The temperature 
dependence suggests that at physiologically relevant temperatures the reduction potentials 
for [4Fe4S]2+/1+ in PfFd, TmFd, and CbFd are -0.51, -0.47, and -0.53 V, respectively.  
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 Figure 2.3 shows the pH dependences of the [4Fe4S]2+/1+ reduction potentials of 
immobilized PfFd, TmFd, and CbFd. Remarkably, no significant changes in the reduction 
potentials are observed over a large pH range, 2-8. This indicates that the proteins and their 
[FeS] clusters are stable over this pH range, and the reduction potentials are effectively pH-
independent. Note there is a modest change in the reduction potential of CbFd between pH 
2 and pH 4. A smaller change of the reduction potential is observed for both PfFd and 
TmFd in the same pH range. Under these highly acidic conditions, all amino acid side 
groups, including aspartic acid and glutamic acid, are protonated. This increases the overall 
positive charge of the protein and may cause an increase in reduction potential as a result 
of electrostatic effects. The reduction potentials of the [4Fe4S]2+/1+ couple of other 
ferredoxins from organisms such as Desulfovibrio alaskensis, Clostridium pasteurianum, 
and PfFd itself have previously been shown to be pH independent between pH 4 and 
8.12, 29, 30  Thus, at physiologically relevant pH values, the ferredoxins in this study are pH 
independent.  
 To make accurate models for electron transfer of ferredoxin to electron bifurcating 
proteins, it is necessary to measure the reorganization energy, λ, an important parameter of 
Marcus theory. To measure the reorganization energy, the rate of electron transfer between 
the electrode and the ferredoxin at zero overpotential, k0, was determined from cyclic 
voltammograms obtained at different scan rates. In short, the scan rate dependences of the 
potentials of the oxidative and reductive peaks were analyzed using the Butler-Volmer 
model. This analysis was completed for PfFd and TmFd at 25, 45, 60 (for TmFd) or 65 (for 
PfFd), and 80 °C (Figure 2.4 and Figure 2.5). Because k0 is dependent on protein 
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orientation and thus can differ between protein films, the experiment was repeated with 
three separate films. The fitting parameters used in the fits for the separate films for PfFd 
and TmFd are shown in Appendix A. Electron transfer rates increased linearly by roughly 
2.5-fold from 25 °C to 80 °C for every film of both proteins. Arrhenius plots (Figure 2.6) 
were generated from these data to determine activation energy for this electron transfer 
process (Ea) which equates to ΔG‡ and can be used to determine . The Gibbs free energies 
of activation are 15 ± 2 and 13 ± 1 kJ mol-1 for PfFd and TmFd, respectively. Under these 
experimental conditions, λ = 4ΔG‡; hence, the reorganization energies are 0.64 ± 0.08 and 
0.55 ± 0.04 eV for PfFd and TmFd, respectively. These values are within the range of 
reorganization energies typically found for redox proteins of 0.30-0.60 eV.31 Furthermore, 
they are consistent with reorganization energies measured for other [4Fe4S] clusters-
containing proteins, such as the 8Fe ferredoxin from Clostridium vinosum and the D14C 
variant of PfFd with λ of approximately 0.50 and 0.78 eV, respectively.32, 33  
 
2.5 Discussion 
 Ferredoxins are substrates for all FBEB proteins currently known. Thus, to 
understand FBEB, we must have a basic understanding of the partnering ferredoxins and 
their redox properties including reduction potentials, which partially define the energetics 
of the process. In prior work, reduction potentials for the P. furiosus and T. maritima 
ferredoxins (PfFd and TmFd) were determined to be -0.43 V and -0.39 V, respectively.12, 18 
These values are very similar to those found in this work of -0.39 ± 0.08 and -0.38 ± 0.07, 
respectively. Using protein film electrochemistry, we have determined for the first time the 
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reduction potential of CbFd to be -0.44 ± 0.04 V at pH 6 and 25 °C. That potential is well 
within the range expected for ferredoxin reduction potentials. 
 Many FBEB reactions require two electrons from ferredoxin for complete reaction 
of all three substrates.1 Since PfFd and TmFd are 4Fe ferredoxins, each ferredoxin molecule 
can only transport one electron. Thus, two PfFd and TmFd molecules are required for a 
complete turnover of a FBEB enzyme, or the ferredoxin must be reduced by another entity 
during complete turnover. However, CbFd is an 8Fe ferredoxin, meaning that each [4Fe4S] 
cluster can be oxidized or reduced, and the protein can serve as a two-electron donor or 
acceptor. Only one set of peaks is observed in cyclic voltammograms from CbFd, and the 
full-width at half-height of those peaks is consistent with a one-electron redox reaction. 
This suggests that both clusters are oxidized or reduced at similar potentials. Thus, CbFd 
should be able to deliver two electrons at very similar potential; hence, a single molecule 
of CbFd could complete the entire turnover cycle of a FBEB protein.  
 Environmental conditions including pH and temperature can impact both protein 
reduction potentials and electron transfer rates, and we have explored the impacts of both 
of these parameters. The three ferredoxins studied here are pH-independent over a broad 
range of pH values including all physiologically relevant conditions. This is likely a key 
adaptation to ensure that bioenergetic processes, including FBEB, within the organism are 
maintained even if the pH within the cell fluctuates as a result of changes in metabolism. 
The temperature dependences of ferredoxin reduction potentials have only been 
determined for two ferredoxins previously, P. furiosus and the mesophile Desulfovibrio 
vulgaris Miyazaki.20, 34 The dependences were found to be -1.4 mV °C-1 and -0.4 mV °C-1, 
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respectively. In this study, all three ferredoxins, which are all from thermophilic organisms, 
show a modest change in reduction potential with increase in temperature of -1.6 mV °C-1. 
The previous value for PfFd agrees with the value measured here. Currently, it is not clear 
why the change in reduction potential with temperature is higher for thermophilic 
ferredoxins compared to D. vulgaris Miyazaki. It may be that the difference is an inherent 
property of mesophilic ferredoxins compared to thermophilic ferredoxins. However, with 
only the temperature dependence of the reduction potential from one mesophilic ferredoxin 
currently reported, we cannot rule out the possibility that D. vulgaris Miyazaki ferredoxin 
is an outlier. 
 In addition to the tuning of the reduction potential for the ferredoxins, the proteins 
have been tuned for fast electron transfer via low Marcus reorganization energies. PfFd 
and TmFd have reorganization energies of 0.64 ± 0.08 and 0.55 ± 0.04 eV, respectively. 
Recent theoretical models on cytochrome c suggest that low reorganization energies 
(<1 eV) result from wetting or dewetting of the protein, in particular the heme cofactor, to 
minimize the additional charge after oxidation or reduction.31 In other words, depending 
on the oxidation state of cytochrome c, water molecules can be included or occluded from 
the protein to neutralize excess charge. By analogy, this suggests that PfFd and TmFd have 
also evolved to control the number of water molecules around the [4Fe4S] cluster for 
efficient electron transfer. 
 Since the majority of the redox enzymes studied have a similar range of Marcus 
reorganization energies, including PfFd and TmFd, it is likely that CbFd has a 
reorganization energy in this range also. The minimal values of reorganization energy are 
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beneficial for rapid electron transfer reactions and may be important for efficient electron 
bifurcation reactions in the three organisms. 
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Figure 2.1: Cyclic voltammograms of ferredoxins from P. furiosus (A), T. maritima (B), 
and C. bescii (C). Experimental conditions: 25 °C, pH 6, and potential scan rate of 
20 mV s-1. 
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Figure 2.2: Temperature dependences of the reduction potentials of ferredoxins from P. 
furiosus (A), T. maritima (B), and C. bescii (C) determined via cyclic voltammetry. The 
error bars represent the standard deviation of the reduction potential over three scans for 
three films (n = 9). Experimental conditions: pH 7 and potential scan rate of 20 mV s-1. 
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Figure 2.3: pH dependences of the reduction potentials of ferredoxins from P. furiosus 
(A), T. maritima (B), and C. bescii (C) determined via cyclic voltammetry. The error bars 
represent the standard deviation of the reduction potential over three scans for three films 
(n = 9). Experimental conditions: 25 °C and potential scan rate of 20 mV s-1. 
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Figure 2.4: Dependence of cyclic voltammetric peak potentials on scan rate for P. furiosus 
ferredoxin immobilized on graphite electrodes at 25 °C (A), 45 °C (B), 65 °C (C), and 
80 °C (D). Note that the x-axis is a logarithmic scale. The red lines are fits to the raw data 
(black squares) using the Butler-Volmer model. The error bars represent the standard 
deviation of the peak potential over three scans (n = 3). Data obtained from cyclic 
voltammograms taken at pH 7. 
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Figure 2.5: Dependence of cyclic voltammetric peak potentials on scan rate for T. maritima 
ferredoxin immobilized on graphite electrodes at 25 °C (A), 45 °C (B), 60 °C (C), and 
80 °C (D). Note that the x-axis is a logarithmic scale. The red lines are fits to the raw data 
(black squares) using the Butler-Volmer model. The error bars represent the standard 
deviation of the peak potential over three scans (n = 3). Data obtained from cyclic 
voltammograms taken at pH 7. 
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Figure 2.6: Arrhenius plots (logarithm of k0 vs. 1/temperature) for electron transfer 
between a graphite electrode and immobilized P. furiosus ferredoxin (A) and T. maritima 
ferredoxin (B). Data were obtained from cyclic voltammetric experiments at scan rates in 
the range 0.5-200 V s-1 and pH 7. 
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3.1 Abstract 
Flavin-based electron bifurcation (FBEB) has recently emerged as an important 
bioenergetic reaction in biological systems. In this process, energy is conserved through 
the coupling of exergonic and endergonic reactions. Currently, FBEB is poorly understood 
and the mechanism unknown. Thus, it is important to study the enzymes that perform 
FBEB. To date, seven types of FBEB enzymes have been identified. NADH-dependent 
reduced ferredoxin:NADP+ oxidoreductase (Nfn) represents the type with the fewest 
number of subunits and cofactors, and thus has emerged as the model system to study 
FBEB. In this work, the first FBEB to be characterized by protein film electrochemistry is 
reported; a Nfn from the hyperthermophilic archaea Pyrococcus furiosus (PfNfnI). It is 
found that PfNfnI has a [4Fe4S] cluster with an unusually low reduction potential and that 
PfNfnI is tuned to perform NADP+ reduction by fast rates and a low binding constant for 
NADP+. Furthermore, the first electrochemical experiment to measure electron bifurcation 
activity in an oxidoreductase is shown. 
 
3.2 Introduction 
There are two known mechanisms for energy conservation in Nature: electron-
transport phosphorylation and substrate-level phosphorylation. A new bioenergetic process 
was recently discovered called flavin-based electron bifurcation (FBEB) that increases 
ATP yield in anaerobes.1 This process couples an exergonic reaction with an endergonic 
reaction to avoid the need to produce stable, strong reductants, saving on the energy 
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required to generate low potential products key in metabolism. Since this chemistry couples 
multiple redox reactions, electron bifurcation requires a site that transduces between two-
electron and one-electron chemistry. In FBEB proteins, a flavin is proposed to fulfil this 
role. Since its initial discovery, seven types of enzymes have been identified that undergo 
FBEB.2-7 Although a few have been purified and cofactor content determined, very few 
functional studies of FBEB enzymes exist. 
 One of the FBEB enzymes that has been the most extensively studied is the NADH-
dependent reduced ferredoxin:NADP+ oxidoreductase (Nfn).7-9 This enzyme catalyzes the 
reduction of NADP+ by coupling the exergonic reduction via reduced ferredoxin with the 
endergonic reduction by NADH. The protein is a heterodimer with a large subunit (NfnL) 
and a small subunit (NfnS), the structure is shown in Figure 1.4. NfnL contains two [4Fe4S] 
clusters and a FAD cofactor (L-FAD), which is the proposed site of electron bifurcation. 
NfnS contains a [2Fe2S] cluster and a FAD cofactor (S-FAD). Crystal structures show that 
NADP(H) binds at L-FAD and NAD(H) at S-FAD, and the likely site of ferredoxin binding 
is near the [4Fe4S] cluster distal to L-FAD. The small size and low number of cofactors, 
relative to other FBEB enzymes, make Nfn one of the simplest electron bifurcation 
proteins. Therefore, it is the perfect candidate for a model system to study electron 
bifurcation. Although the structure of Nfn has been solved, little is known about the 
reactivity of the enzyme. 
 Protein film electrochemistry (PFE) is a technique in which the protein of interest 
is immobilized on an electrode surface, and the activity is monitored as current.10-12 It 
allows precise control of the electrical potential, a parameter difficult to control in solution 
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assays, and has been invaluable for defining the thermodynamic and kinetic parameters 
that govern the reactivity of a multitude of oxidoreductases.13-18 Despite the usefulness of 
this technique, no previous reports of using PFE to characterize FBEB proteins exist. 
Herein, we report the first characterization of the electrocatalytic activity of an 
FBEB enzyme using PFE. The protein investigated is a Nfn from the hyperthermophile 
Pyrococcus furiosus (PfNfnI). We show that reduction potentials of several cofactors can 
be determined under non-turnover conditions using square wave voltammetry and define 
the electrocatalytic activity and binding of the protein with pyridine nucleotide substrates 
under various experimental conditions. We conclude that PfNfnI contains an unusually low 
potential iron-sulfur cluster and is thermodynamically and kinetically tuned to bind and 
reduce NADP+. These results provide evidence supporting the hypothesis that the in vivo 
function of Nfn enzymes is to oxidize NADH and ferredoxin to reduce NADP+. 
 
3.3 Materials and Methods 
NfnI was purified from Pyrococcus furiosus (PfNfnI) as described in Luber et al.,7 
and purified samples were provided by Michael Adams at University of Georgia. To 
stabilize the immobilized protein films, a coadsorbate of polymyxin B was added to the 
protein samples to reach a final concentration of 500 µg mL-1. The enzyme was 
immobilized on PGE electrons freshly polished with a 0.3 µM alumina slurry by spotting 
on 5 µL of the PfNfnI solution and allowing to dry.  
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Electrochemical experiments were carried out at 60 °C in a glovebox filled with 
nitrogen using the electrochemical set-up and equipment described in McIntosh and 
coworkers,19 and Chapter 1 of this thesis. All potentials are quoted versus the standard 
hydrogen electrode (SHE). First derivatives of cyclic voltammograms were generated 
using QSOAS.20 
Square wave voltammograms were performed by scanning the potential with 
100 Hz frequency, 0.5 mV step potential and 20 mV amplitude. 
 Fixed potential measurements of current were used to determine Km at a potential 
of -490 mV for NAD+ and NADP+ reduction and 110 mV for NADH and NADPH 
oxidation. Experiments were measured using the substrate of interest alone, or the substrate 
and an additional nucleotide substrate at 1 mM concentration. Current was allowed to 
stabilize for 300 s before injecting additional aliquots of substrate every 60 s. Exponential 
decay of the current that could be attributed to irreversible film loss was observed. To 
account for this, data were corrected by fitting the initial 60 s after the first injection of 
substrate for each trace to i = (i଴ − i୪୧୫) exp ቀ
୲బି୲
த
ቁ + i୪୧୫, where i଴ is the current at the 
initial time t଴, i୪୧୫ is the limiting current, i.e. the value that the current tends to as t → ∞, 
and τ is an exponential decay constant. After correcting for film loss, the current in the 
absence of substrate is subtracted from the data to ensure the current at zero substrate is 
zero. The corrected current at each substrate concentration was averaged and used to create 
a Lineweaver-Burk plot and determine the Michaelis constant.  
59 
 
To account for changes in the electroactive coverage of PfNfnI during the course 
of the experiment, studies to define the pH dependence of catalytic activity were conducted 
using two electrochemical cells. The first electrochemical cell contained pH 7 buffer with 
1 mM of substrate. The second electrochemical cell contained mixed buffer and 1 mM 
substrate at a different pH value. Measurements were first made in the standard, pH 7 
conditions, and then activity was measured at the pH value of interest. Finally, the enzyme 
film was returned to pH 7 to observe the extent of film loss. This procedure was repeated 
for pH values of 9, 8, 6, and 5. The maximum current (imax), defined as the current 
at -690 mV for NAD(P)+ reduction and 110 mV for NAD(P)H oxidation, was determined 
for the pH 7 data before and after each pH tested to define the percentage drop in activity. 
The imax value for each experiment was corrected for this decrease by dividing by half of 
the percentage drop. After this correction for irreversible film loss, the values of imax at 
each pH were normalized to imax of the first scan at pH 7.  
 Fixed potential measurements were used to determine inhibition constants with the 
potential poised at -690 mV for NAD+ and NADP+ reduction and 110 mV for NADH and 
NADPH oxidation. Since the electroactive coverage of the enzyme varies between 
experiments, data were normalized to electrocatalytic activity with 0.5 mM substrate 
without inhibitor, measured for 100 s before introducing additional substrate or inhibitor 
into the experiment. To account for film loss, the initial data were fit to an exponential as 
described for Km experiments. Three substrate concentrations were investigated: 0.5, 0.75, 
and 1 mM. Least squares linear regression of Dixon plots at each substrate concentration 
was used to define the inhibition constant as the point of intersection of these lines. 
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3.4 Results 
Electrochemical experiments were performed under non-catalytic conditions to 
determine the reduction potentials of the cofactors in PfNfnI. Since non-catalytic signals 
were not observed in cyclic voltammograms, experiments were conducted using square 
wave voltammetry (Figure 3.1). Three peaks are clearly observed in square wave 
voltammograms from PfNfnI immobilized on PGE that are not present in control 
experiments. The reduction potentials of these peaks are: -0.68 ± 0.01, -0.49 ± 0.01, 
and -0.25 ± 0.01 V. Between pH 6 and 8, the potentials of the peaks located at -0.68 
and -0.49 V are pH independent; however, the potential of the peak at -0.25 V at pH 7 
decreases approximately 30 mV per pH unit which is diagnostic of a two-electron and one-
proton redox event. This suggests the two lower potential peaks arise from the 
oxidation/reduction of iron-sulfur clusters and the higher potential peak arises from redox 
cycling of one or both flavins.   
Oxidation of NADPH and NADH by Nfn enzymes has been previously evaluated 
using solution assays,8, 9 but solution assays for NAD+ and NADP+ reduction by Nfn 
enzymes have not been reported. Herein, protein film electrochemistry (PFE) is used to 
assay the electrocatalytic behavior of PfNfnI with each of the four pyridine nucleotide 
substrates independently. Figure 3.2 shows cyclic voltammograms from PfNfnI 
immobilized on pyrolytic graphite in the presence of 1 mM each of NADP+ and NADPH 
(Figure 3.2A) or 1 mM each of NAD+ and NADH (Figure 3.2B). To ensure that the active 
site is saturated with substrate, these substrate concentrations are two orders of magnitude 
greater than Km (vide infra). So that mass transport of substrate does not limit catalytic 
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activity, the working electrode is rotated fast enough that the current response is 
independent of rotation rate. Both the oxidized and the reduced form of a given pyridine 
nucleotide are present in the experiment, and the voltammograms feature both reductive 
and oxidative catalytic current. This demonstrates that PfNfnI electrocatalytically 
reduces/oxidizes NAD(P)+/NAD(P)H and can be described as a bidirectional catalyst. For 
experiments with immobilized enzyme like these, catalytic current is directly proportional 
to the rate of the catalytic reaction and the quantity of electroactive enzyme on the 
electrode.11 Electroactive coverage could not be measured in these experiments thus 
catalytic rates could not quantified, but comparisons between the ratio of oxidative and 
reductive catalytic activity, defined as the catalytic bias, can be made. For example, 
whereas currents from NAD+ reduction and NADH oxidation are similar within the same 
voltammogram, conditions under which electroactive coverage is approximately constant, 
catalytic current from NADP+ reduction is greater than that from NADPH oxidation in the 
same voltammogram. This suggests that PfNfnI has no bias for NAD+ reduction or NADH 
oxidation but is biased towards NADP+ reduction relative to NADPH oxidation. 
Furthermore, across many PfNfnI enzyme films, catalytic currents of the largest magnitude 
are always observed for NADP+ reduction, suggesting that PfNfnI has a faster rate of 
catalysis for this reaction than NAD+ reduction, NADPH oxidation, and NADH oxidation.  
To evaluate whether the observed differences in rates arise primarily from 
variations in substrate affinities, the Michaelis constant (Km) for each substrate was 
determined electrochemically. Like the analogous solution assays, these experiments 
measure current, which is directly proportional to catalytic rate, at various substrate 
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concentrations (Figure 3.3), and this data is used to construct Lineweaver-Burk plots to 
determine Km (Table 3.1). The Michaelis constants are in the range of 10-30 µM for each 
of the substrates, suggesting that differences in the two binding sites do not lead to 
dramatically altered substrate affinities. The similarity of the binding constants for NAD+ 
and NADH may explain the comparable activity observed for NAD+ reduction and NADH 
oxidation. On the other hand, since the Km values for NADP+ and NADPH are also similar, 
it is likely that differences in the rates of electrocatalysis between these two substrates do 
not arise from differential binding. 
Differences in the reactivities at the two flavin active sites were further evaluated 
by examining the first derivatives (di/dE) of catalytic cyclic voltammograms in the 
presence of NADP(H) and NAD(H), shown in Figure 3.2C and D, respectively. Derivative 
peaks correspond to the catalytic potential (Ecat), i.e. the potential at which the rate of 
catalysis is changing most quickly. This is sometimes referred to as the catalytic “half-
wave” potential since it corresponds to the midpoint of a perfect sigmoid. For the PfNfnI 
data, the derivative signals feature peaks at -540 ± 10, -510 ± 20, -260 ± 30, -190 ± 10 mV 
for Ecat of NADP+ reduction, NAD+ reduction, NADPH oxidation, and NADH oxidation, 
respectively. The value of Ecat depends on both the potential of the active site and the 
kinetics and thermodynamics of elementary steps in the catalytic cycle.11, 14 The standard 
reduction potential of NAD(P)+ is -320 mV. Therefore, within error, a similar amount of 
energy, quantified electrochemically as overpotential relative to the substrate reduction 
potential, is required to reach half the maximum current for NADP+ and NAD+ reduction. 
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Whereas, approximately 70 mV more energy is required to reach half the maximum current 
for NADH oxidation compared to NADPH oxidation.  
Recent experiments with PfNfnI and the related Nfn from Thermotoga maritima 
have suggested that large conformational changes occur after binding of a nucleotide 
substrate.21, 22 Such a conformational change could cause significant changes in the 
substrate binding affinities. To evaluate this hypothesis for PfNfnI, Km values were 
determined in the simultaneous presence of two different nucleotide substrates (Table 3.1). 
To avoid complications due to electron bifurcation reactivity, these measurements were 
made in the presence of both reducible substrates or both oxidizable substrate but not a pair 
of substrates for which bifurcation is possible, i.e. KmNADP+ was measured in the presence 
of NAD+, KmNADPH was measured in the presence of NADH, and vice versa. As shown in 
Table 3.1, within error, these data show that the Km values are the same both with and 
without a nucleotide substrate bound at the other FAD site. This suggests that for PfNfnI 
any conformational change in the protein after binding of substrate does not affect affinity 
of substrate at the other active site. 
The electrocatalytic activity was measured as a function of pH. To perform this 
investigation, cyclic voltammetry experiments were conducted in solutions of pH values 
in the range 5-9. The electroactive coverage of the enzyme can decrease during 
experiments. To account for this, each experiment carried out at a new pH value was 
followed by measuring the activity of the remaining film in a standard pH 7 buffer. 
Correction of the current for film loss at -690 mV for reduction activity and 110 mV for 
oxidation activity was performed relative to the current in the standard buffer measured 
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both before and after the experiment (pH) of interest. The current was normalized to the 
current in the first scan in the standard buffer. Figure 3.4 shows the pH dependence of 
electrocatalytic activity for all four substrates. The reductive reactions require simultaneous 
addition of H+ whereas the oxidation reactions release H+. Thus, an increase in pH is 
expected to decrease reduction rates and increase oxidations rates. These trends are 
observed for NAD+ reduction, NADPH oxidation, and NADH oxidation, but the change in 
normalized current is less than a factor of 2 in all cases. Unexpectedly, increasing pH does 
not decrease current for NADP+ reduction between pH 5 and 8. Above pH 8, the 
normalized NADP+ reduction activity is decreased from 1.05 to 0.52. 
 The modest changes in the electrocatalytic rates over five orders of magnitude of 
proton concentration suggest that proton transfer is not rate-limiting in the catalytic 
mechanism. Thus, limited mechanistic information can be drawn from these results. 
However, it is noteworthy that the pH dependence of NADP+ reduction differs from the 
expected outcome, whereas the pH dependence of NAD+ reduction, NADPH oxidation, 
and NADH oxidation is consistent with the expected result. This suggests that PfNfnI is 
tuned for NADP+ reduction under a physiological pH range (6-8).  
Figure 3.5 shows cyclic voltammograms demonstrating that each of the four 
reactions electrocatalyzed by PfNfnI is inhibited by the corresponding product. The 
experiments are undertaken by adding 1 mM product to an ordinary catalytic experiment 
and observing the decrease in catalytic current. Subsequently, full enzymatic activity can 
be recovered by transferring the electrode with the protein film to a fresh solution 
containing only substrate, i.e. no inhibitor, demonstrating that the inhibition is reversible 
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and the loss of activity is not a result of enzymatic film loss. Enzymatic reduction of NAD+ 
and oxidation of NADPH were inhibited to a greater extent, ~50% and ~25%, respectively, 
than reduction of NADP+ and oxidation of NADH, both ~10-15%. This suggests that 
although the affinities of PfNfnI for each substrate (Km) are similar when measured 
individually, in the presence of both the oxidized and reduced form of a single nucleotide, 
NADP+ and NADH are the preferred substrates.  
To quantify this binding preference, the inhibition constant (Ki) for each substrate 
was determined electrochemically (Table 3.2). Experiments were completed at three 
substrate concentrations, and the corresponding Dixon plots converge to a single point, 
which is diagnostic of competitive inhibition (Figure 3.6). For competitive inhibition, the 
inhibition constant (Ki) is the binding constant of the inhibitor in the presence of substrate. 
The preference of substrate binding in PfNfnI can be analyzed by comparing the Km and 
Ki values in Table 3.1 and Table 3.2. This highlights several results. First, the binding 
constant for NADP+ is unaffected by the presence of NADPH. Second, Ki is two-fold larger 
than Km for both NAD+ and NADH, showing that the binding of each of these substrates 
is perturbed by the presence of the other. Third, the binding constant for NADPH increases 
by approximately a factor of 5 in the presence of NADP+. This means that in the presence 
of both NADPH and NADP+, the binding constant for NADP+ is an order of magnitude 
lower than that of NADPH. These results strongly suggest that although there is little 
thermodynamic discrimination between NAD+ and NADH binding, there is a distinct 
preference for PfNfnI to bind NADP+ over NADPH. 
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Experiments were also undertaken with a pair of substrates that can bifurcate present 
in solution, i.e. NADP+ with NADH and NAD+ with NADPH (Figure 3.7). The challenge 
of these experiments is to distinguish bifurcating activity from reaction with a single 
substrate. To do so, electrocatalytic activity was initially assayed with only one substrate 
present. For example, the black line of Figure 3.7A shows a cyclic voltammogram obtained 
in the presence of NADP+. The red line shows the voltammogram that was measured using 
the same enzyme film following addition of the bifurcating partner, NADH in this case. 
When NADH is present, the NADP+ reduction activity decreases slightly. It is important 
to note that in this experiment, the electrode is not the only source of electrons for 
reduction, and the measured current only assesses electrocatalytic activity. Additionally, in 
this experiment, electrons from the oxidation of NADH can be used to drive reduction of 
NADP+, i.e. a bifurcation pathway is available in which electrons come from NADH 
oxidation and the electrode, and that catalytic pathway competes with direct reduction. 
Thus, the current decreases in the presence of NADH but the rate of reduction of NADP+ 
is likely the same or faster. A second interpretation of this data is that NADH inhibits 
NADP+ reduction. However, Nfn X-ray structures rule out the possibility that these two 
substrates bind to the same active site and competitively inhibit.7, 9 Thus, this explanation 
is unlikely. Similarly, allosteric inhibition is also unlikely because substrate binding does 
not affect binding of additional substrate. Interestingly, NADPH oxidation current is not 
decreased in the presence of NAD+ (Figure 3.7B), suggesting bifurcation activity is 
minimal in this direction. We conclude that NADH-dependent reduction of NADP+ is 
faster than the NAD+-dependent oxidation of NADPH. In vivo, the enzyme is believed to 
reduce NADP+ with concomitant oxidation of NADH and ferredoxin.8 The electrocatalytic 
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data suggests PfNfnI is kinetically tuned for catalysis in this physiologically relevant 
direction. 
 
3.5 Discussion 
To date, Nfn enzymes represent the best characterized FBEB protein. Spectroscopic 
and spectrometric techniques have been utilized extensively to define structural and 
functional properties of Nfn.7, 21-23 However, prior to this work no complete 
electrochemical study has been reported for Nfn. Here, we report the electrochemical 
properties of Nfn from Pyrococcus furiosus (PfNfnI). 
 In square wave voltammograms, pH-independent peaks are observed at -0.68 ± 
0.01 and -0.49 ± 0.01 V. The peak at -0.49 V is similar to literature values for the 
[4Fe4S]2+/1+ transition of other [4Fe4S] cluster-containing proteins,24-26 and thus we assign 
that signal to the [4Fe4S]2+/1+ transition of one of the clusters in the large subunit. The peak 
at -0.68 V is unusually low but because it is pH independent is likely also the [4Fe4S]2+/1+ 
transition of one of the [4Fe4S] clusters in the large subunit. These values agree with EPR 
titrations for PfNfnI which assign the unusually low potential [4Fe4S] cluster as the cluster 
proximal to the L-FAD and the distal cluster as the higher potential one.7  
For immobilized PfNfnI, a peak was also detected in square wave voltammograms 
at -0.25 ± 0.01 V. This falls within the range of reduction potentials expected for a flavin, 
and thus this peak is assigned to the oxidation/reduction of a FAD cofactor. Only one peak 
is observed in this region, suggesting that the redox processes of both S-FAD and L-FAD 
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are at similar potentials. Further evidence for the assignment as a flavin comes from the 
pH dependence of the peak, ~30 mV per pH unit, suggesting reduction of this cofactor is a 
1H+/2e- process. The pH dependence of [FeS] cluster redox transitions is usually not as 
pronounced. 
One might expect to also see a signal arising from the [2Fe2S] cluster in the S 
subunit. Previous work by Hagen et al. suggests that a signal from [2Fe2S] is detectable 
via EPR titrations with a reduction potential of the [2Fe2S]2+/1+ transition of 80 mV.23 
However, no conclusive peak was observed in this region of the voltammogram.  
Solution assays have previously been used to define the catalytic properties of Nfn 
enzymes.8, 9 However, two significant problems exist in the available data. First, for the 
same reaction, different rates have been measured depending on the substance that is 
spectroscopically monitored. Second, the Michaelis constants measured for each substrate 
have varied by up to two orders of magnitude for independent measurements. Using protein 
film electrochemistry (PFE), the catalysis rates and Michaelis constants can be measured 
more precisely. Furthermore, NAD(P)+ reduction has not been reported using solution 
assays, presumable because the reaction is difficult to measure, but this reaction is easily 
probed using PFE. Thus, we have undertaken a complete survey of the catalytic properties 
of PfNfnI for each of the reactions the protein catalyzes.  
Electrocatalytic cyclic voltammograms demonstrate that PfNfnI catalyzes each of 
the four possible reactions with pyridine nucleotides (Figure 3.2); this agrees with solution 
assays of other Nfn enzymes.8 Additional information can also be obtained from the 
voltammograms. First, the electrocatalytic current is dependent on potential within most of 
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the potential range assayed; this suggests that electron transfer is rate limiting over a large 
range of potentials. At low potentials, the catalytic current for NAD(P)+ reduction becomes 
independent of potential. Second, the observed currents for NAD+ reduction and NADH 
oxidation are similar, whereas a greater current for NADP+ reduction is observed compared 
to NADPH oxidation. This suggests that there is no catalytic bias, here defined as the ratio 
of oxidative rate and the reductive rate, for NAD+ reduction and NADH oxidation, whereas 
there is catalytic bias for NADP+ reduction compared to NADPH oxidation. Third, the first 
derivative of the voltammograms show that a higher potential, and thus energy, is required 
to reach half of the catalytic maximum for NADH oxidation compared to NADPH 
oxidation. 
Differences in the active sites around L-FAD and S-FAD could explain these 
observations. The crystal structure of PfNfnI shows a hydrogen-bond between the arginine 
residue (R201) and N5 of the L-FAD. It is likely that this H-bond slows hydride transfer 
from NADPH to L-FAD. However, for the reduction of NADP+, the arginine provides the 
proton that is used in hydride transfer from L-FAD via this hydrogen bond. In contrast, 
there is no amino acid forming a H-bond to the N5 position of S-FAD. Therefore, this 
blocking effect does not occur, and similar rates are observed for NAD+ reduction and 
NADH oxidation.  
Despite the differences in the activity of PfNfnI with each nicotinamide substrate, 
the enzyme has a similar affinity for them all (in the range of 10-30 µM). This suggests 
that the differences in the activity is due to kinetic properties rather than binding (or 
thermodynamic) parameters. Although PfNfnI has a similar affinity for each nicotinamide 
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substrate when only one is present, the binding constant of the substrate changes 
significantly when the product is present. The binding constant of both NAD+ and NADH 
is increased approximately two-fold when the product is present. Whereas the binding 
constant of NADP+ is unchanged and that of NADPH increased approximately five-fold. 
Interestingly, the affinity of PfNfnI for the substrates does not change when a substrate that 
binds to the other FAD site is present, i.e. affinity does not change for NADP+ when NAD+ 
is present. This suggests that binding of a substrate only changes when there is competition 
for the same binding site. Furthermore, when there are competing substrates present there 
is no preference to bind either NAD+ or NADH and there is a preference to bind NADP+ 
over NADPH.  
Mechanistically, it is hypothesized that structural gating is important for the 
function of FBEB enzymes,27 and conformational flexibility has been observed for Nfn 
enzymes after binding substrates via mass spectrometry.21, 22 However, the data presented 
here suggest that binding of substrate at one flavin site does not affect the affinity of the 
enzyme for substrate at the other flavin site. Therefore, it is possible that the conformation 
change after binding substrate may impact catalysis in another way, such as rates of 
electron transfer within the enzyme. 
The in vivo concentrations in P. furiosus for NADP+, NAD+, NADPH, and NADH 
are 130, 170, 40, and 140 µM, respectively.28 Hence, under physiological conditions, 
PfNfnI is expected be saturated with NADP+, NAD+, and NADH, but not NADPH. The 
low in vivo concentration of NADPH shows the importance of PfNfnI to produce NADPH 
to continue metabolic processes in P. furiosus.8, 29 Several properties of PfNfnI ensure that 
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the reduction of NADP+ with concomitant oxidation of reduced ferredoxin and NADH is 
the preferred direction of the enzyme. First, the highest current and therefore rate of 
catalysis is observed for NADP+ reduction. Second, there is a catalytic bias towards 
NADP+ reduction, as described above. Third, the binding of NADP+ is favored over the 
binding of NADPH when both substrates are present. Fourth, bifurcation experiments 
using PFE suggest that NADH-dependent NADP+ reduction is faster than the opposite 
reaction. 
  
  
72 
 
 
Figure 3.1: (A) Square wave voltammetry of immobilized PfNfnI (black) and a blank 
graphite electrode (grey). (B) pH dependence of the potentials of peaks in square wave 
voltammograms for immobilized PfNfnI. Error bars represent the standard deviation of 
three replicates. Experimental conditions: 60 °C, pH 7 (A), stationary electrode, 100 Hz 
frequency, 0.5 mV potential step, 20 mV amplitude 
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Figure 3.2: Catalytic cyclic voltammograms (A, B) and the first derivative (C, D) from 
immobilized PfNfnI in the presence of 1 mM each of NADPH and NADP+ (A and C), or 
1 mM each of NADH and NAD+ (B and D). Dashed lines are signals arising from bare 
electrode without adsorbed protein; solid lines are data following adsorption of PfNfnI on 
the electrode. Experimental conditions: 60 °C, pH 7, electrode rotation rate of 2500 rpm, 
and potential scan rate of 20 mV s-1. 
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Figure 3.3: (Left) Raw current as a function of time at a fixed potential with increasing 
concentrations (10 nM to 1 µM) of substrate from PfNfnI absorbed at a PGE electrode. 
Substrates are NADP+ (A), NAD+ (B), NADPH (C), or NADH (D). (Right) The 
electrocatalytic current as a function of substrate concentration. These Michaelis-Menten 
curves are obtained by averaging the current at each substrate concentration over the entire 
time interval. Experimental conditions: 60 °C, pH 7, electrode rotation rate of 
2500 rpm, -490 mV (A and B), and 110 mV (C and D). 
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Figure 3.4: Dependence of normalized catalytic current from immobilized PfNfnI on pH 
for NADP+ reduction (A), NAD+ reduction (B), NADPH oxidation (C), and NADH 
oxidation (D). Currents are normalized to the current at pH 7 at -0.69 V (A and B) or 0.11 V 
(C and D), as described in the main text. Error bars show the standard deviation from three 
independent measurements. 
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Figure 3.5: Cyclic voltammograms showing product-inhibition of electrocatalysis by 
immobilized PfNfnI for each of the four known nucleotide substrates: NADPH-inhibition 
of NADP+ reduction (A), NADH-inhibition of NAD+ reduction (B), NADP+-inhibition of 
NADPH oxidation (C), and NAD+-inhibition of NADH oxidation (D. Black 
voltammograms are collected in the presence of 1 mM substrate. Red voltammograms are 
collected in the presence of both 1 mM substrate and 1 mM product. Experimental 
conditions: 60 °C, pH 7, electrode rotation rate of 2500 rpm, and potential scan rate of 
20 mV s-1. 
  
77 
 
 
Figure 3.6: Dixon plots from immobilized PfNfnI for NADPH-inhibition of NADP+ 
oxidation (A), NADH-inhibition of NAD+ oxidation (B), NADP+-inhibition of NADPH 
reduction (C), NAD+-inhibition of NADH reduction (D). Substrate concentrations are 
0.5 mM (blue), 0.75 mM (red), and 1 mM (black). The lines are linear regression best fits 
that have been extrapolated to -200 µM. The intersection point for all three graphs is equal 
to -Ki. 
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Figure 3.7: Cyclic voltammograms demonstrating electrocatalytic electron bifurcation by 
immobilized PfNfnI. (A) Catalysis with 1 mM NADP+ (black), and with 1 mM NADP+ 
and 1 mM NADH (red). (B) Catalysis with of 1 mM NADPH (black), and with 1 mM 
NADPH and 1 mM NAD+ (red). Experimental conditions: 60 °C, pH 7, electrode rotation 
rate of 2500 rpm, and potential scan rate of 20 mV s-1. 
  
79 
 
Table 3.1: Electrochemically determined Michaelis constants for PfNfnI for each 
nucleotide substrate in the absence and presence of a second substrate.  
Additivea  KmNADP+ (µM) KmNAD+ (µM) KmNADPH (µM) KmNADH (µM) 
None 11 ± 1b 13 ± 4 23 ± 7 20 ± 1 
NAD+ 22 ± 7 - - - 
NADP+ - 8 ± 1 - - 
NADH - - 12 ± 5 - 
NADPH - - - 22 ± 10 
aAdditive at 1 mM concentration, i.e. much greater than Km 
bThe error is the standard deviation of three independent determinations. 
 
 
 
 
 
 
 
 
 
 
Table 3.2: PfNfnI inhibition constants for pyridine nucleotide substrates.  
 
NADP+ NAD+ NADPH NADH 
Ki (µM) 15 ± 12a 32 ± 6 129 ± 9 53 ± 3 
aThe error is the standard deviation of three independent measurements. 
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4.1 Abstract 
Flavin-based electron bifurcation (FBEB) is an important bioenergetic process for 
anaerobic bacteria and archaea. In FBEB, energy is conserved by coupling exergonic and 
endergonic reactions. NADH-dependent reduced ferredoxins:NADP+ oxidoreductase 
(Nfn) has emerged as the model system to study FBEB. Nfn enzymes are heterodimeric 
flavoiron-sulfur proteins with a [2Fe2S] cluster coordinated by three cysteines and an 
aspartic acid and a [4Fe4S] cluster coordinated by three cysteines and a glutamic acid. In 
the previous chapter, Nfn from Pyrococcus furiosus (PfNfnI) was characterized by protein 
film electrochemistry (PFE) and found to be tuned for NADP+ reduction and 
electrochemical electron bifurcation was observed. In this work, variants of PfNfnI in 
which the non-cysteine ligands of the [FeS] clusters are replaced with cysteines are 
characterized via PFE and compared to the wild-type enzyme. We find that the rates of 
catalysis, binding of substrates, and rates of electron bifurcation are altered in the variants. 
This strongly suggests that the non-cysteine ligands are important in controlling catalysis 
in Nfn enzymes. 
 
4.2 Introduction 
NADH-dependent reduced ferredoxin:NADP+ oxidoreductases (Nfn) have emerged 
as model enzymes for studying flavin-based electron bifurcation (FBEB).1-4 These 
heterodimeric proteins consist of large and small subunits and catalyze the reversible 
reduction of NADP+ with NADH and reduced ferredoxin (Figure 4.1). The large subunit 
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contains a FAD (L-FAD) molecule, which serves as the binding site of NADP(H) and the 
site of electron bifurcation. This subunit also contains two [4Fe4S] clusters differentiated 
by their proximity to the L-FAD cofactor, the proximal [4Fe4S] cluster and the distal 
[4Fe4S] cluster. The small subunit contains a FAD, which is the site of NAD(H) binding 
as well as a [2Fe2S] cluster. 
 The proximal [4Fe4S] cluster in the large subunit and the [2Fe2S] cluster in the 
small subunit are unusual compared to typical [FeS] clusters found in nature. Instead of the 
common primary coordination sphere of four cysteine residues, the proximal [4Fe4S] 
cluster is ligated by three cysteines and a glutamic acid residue (E126), and the [2Fe2S] 
cluster is ligated by three cysteines and an aspartic acid residue (D223) (Figure 4.1). Non-
cysteine coordination of [FeS] clusters, although unusual in nature, is not unprecedented 
and is found in ferredoxins, hydrogenases, a nitrate reductase, a respiratory Complex I and 
a transcription regulator.5-11  Indeed, there is a class of [2Fe2S] clusters that are ligated by 
two cysteines and two histidines, known as Rieske clusters. It is known that the primary 
coordination sphere of [FeS] clusters influences their reduction potentials. In particular, the 
reduction potentials of Rieske clusters are 200 to 400 mV more positive than those of 
tetracysteine coordinated [2Fe2S] clusters.12 As described in Chapter 3, the proximal 
[4Fe4S] cluster of Nfn from the hyperthermophile Pyrococcus furiosus (PfNfnI) has an 
unprecedentedly low reduction potential of -700 mV. On the other hand, the [2Fe2S] 
cluster has a relatively high reduction potential of 80 mV.13 Both of these values are outside 
the expected range of reduction potentials for [4Fe4S] clusters and [2Fe2S] clusters.12 
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 Additional work described in Chapter 3 showed that PfNfnI has multiple properties 
that are useful for protein function, i.e. the NADH-dependent reduction of NADP+ with 
reduced ferredoxin. First, the unusually low potential [4Fe4S] cluster at -700 mV presents 
a barrier that controls electron transfer and FBEB activity. Second, PfNfnI is biased 
towards NADP+ reduction and has the highest rate of catalysis for this process compared 
to reactions with the other nicotinamide substrates. Third, the binding of NADP+ is favored 
over NADPH in the presence of both substrates. Currently, it is unknown what properties 
or determinants of the protein control these properties. We hypothesize that the unusual 
coordination spheres around the [FeS] clusters in PfNfnI are important for controlling 
electron flow, and hence the rate of electron bifurcation. 
 Herein, site-directed variants of PfNfnI were generated to modify the non-cysteine 
ligands around the proximal [4Fe4S] and [2Fe2S] clusters to cysteine. Protein film 
electrochemistry was used to investigate the kinetic and thermodynamic properties of these 
variants which are compared to the corresponding data from the wild-type (WT) protein. I 
find that the non-cysteine ligands around the [FeS] clusters are important in controlling the 
electrocatalytic properties of PfNfnI. 
 
4.3 Materials and Methods 
Site-directed variants of PfNfnI were constructed and purified by collaborators at 
the University of Georgia. Purified proteins were immobilized on pyrolytic graphite edge-
plane electrodes by applying 5 µL of the protein solution (~ 10 µM) to the graphite surface 
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and allowing it to dry. To stabilize the protein films on the electrode surface, polymyxin B 
is added to the protein sample to reach a final concentration of 500 µg mL-1. 
Electrochemical experiments were carried out at 60 °C in a nitrogen-filled glovebox 
using the electrochemical set-up and equipment described in Chapter 1. Potassium 
ferricyanide was used as a standard to determine that the Ag/AgCl reference electrode had 
a potential of 0.21 V versus that standard hydrogen electrode (SHE). All potentials are 
adjusted from the Ag/AgCl reference scale to SHE by adding 0.21 V.  
Square wave voltammograms were performed by scanning the potential with 
100 Hz frequency, 0.5 mV step potential and 20 mV amplitude. 
Measurements of electrocatalysis were performed by cyclic voltammetry at 
20 mV s-1 in the presence of 1 mM NADP+ and NADPH or 1 mM NAD+ and NADH at pH 
7. To obtain catalytic bias, the forward and reverse scans were averaged using QSOAS.14 
The current at 300 mV overpotential positive (iox) and negative (ired) of the reduction 
potential of NAD(P)+ at pH 7 (-320 mV) was measured. Catalytic bias is defined as iox/ired. 
 Fixed potential measurements of current were used to determine Km at -490 mV for 
NAD+ and NADP+ reduction and 110 mV for NADH and NADPH oxidation. The current 
was allowed to stabilize for 300 s before the substrate was added to the solution. Additional 
aliquots of substrate were added every 60 s to increase the concentration and allow time 
for the current to stabilize. Exponential decay of the current that could be attributed to 
irreversible film loss was observed. To account for this, data were corrected by fitting the 
initial 60 s after the first injection of substrate for each trace to i = (i଴ − i୪୧୫) exp ቀ
୲బି୲
த
ቁ +
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i୪୧୫, where i଴ is the current at the initial time t଴, ilim is the limiting current, i.e. the value 
that the current tends to as t → ∞, and τ is an exponential decay constant. After correcting 
for film loss, the current in the absence of substrate is subtracted from the data to ensure 
the current at zero substrate is zero. The corrected current at each substrate concentration 
was averaged and used to create a Lineweaver-Burk plot to determine the Michaelis 
constant. 
 Fixed potential measurements of current were used to determine inhibition 
constants at -690 mV for NAD+ and NADP+ reduction and 110 mV for NADH and 
NADPH oxidation. Since the amount of electroactive enzyme in a protein film varies 
between experiments, data were normalized to electrocatalytic activity with 0.5 mM 
substrate without inhibitor, measured for 100 s before introducing additional substrate or 
inhibitor into the experiment. To account for film loss, initial data were fit to an exponential 
as described for the Km experiments. Three substrate concentrations were investigated: 
0.5 mM, 0.75 mM, and 1 mM. Least squares linear regression of Dixon plots at each 
substrate concentration was used to define the inhibition constant, Ki, as the point of 
intersection of these lines. 
 
4.4 Results 
PfNfnI contains two [FeS] clusters that have non-cysteine ligands (Figure 4.1): an 
aspartic acid coordinating the [2Fe2S] and a glutamic acid coordinating the [4Fe4S] 
proximal to L-FAD. These unusual ligands may play key roles in modulating the enzyme’s 
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catalytic properties. To test this hypothesis, Prof. Michael Adams and Ms. Diep M. N. 
Nguyen (University of Georgia) constructed three variants of PfNfnI, each with one or 
more site-directed mutations at these key locations. The first, D223C, exchanges the 
aspartic acid of the [2Fe2S] for a cysteine. The second, E126C, exchanges the glutamic 
acid of the [4Fe4S] for a cysteine. The third, incorporates both of these changes into a 
D223C/E126C variant.  
Figure 4.2 shows square wave voltammograms used to evaluate whether these 
changes in the primary coordination spheres of the associated [FeS] clusters affect their 
reduction potentials. Peaks are observed at approximately -500 and -250 mV for both the 
WT and all of the variant proteins. As described in Chapter 3, for the WT, these peaks are 
assigned to the [4Fe4S] cluster distal to L-FAD, and one or both FAD cofactors, and, by 
analogy, the same assignments can be made for the variant proteins. Since these peaks are 
unperturbed in the mutants, it is likely that the mutations do not change the reduction 
potentials of the flavins or the distal [4Fe4S] cluster, not surprising since the amino acid 
exchanges are in different parts of the enzyme. The peak observed at -700 mV in wild-type 
samples that is believed to correspond to the [4Fe4S] cluster proximal to L-FAD is 
unchanged in the D223C mutant. However, that peak is not observed in voltammograms 
arising from both the E126C and D223C/E126C variants. Three possibilities for this 
change in redox properties are considered here. First, the -700 mV signal intensity is 
decreased because of partial or incomplete incorporation of the proximal [4Fe4S] cluster 
in the variants. This is unlikely because both bifurcating and non-bifurcating catalytic 
activity are observed, vide infra. These activities are likely to require electron transfer 
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through the proximal [4Fe4S] cluster. Second, the reduction potential of the [4Fe4S] cluster 
is shifted more positive towards the peak at -500 mV such that there is no longer a distinct 
signal for the proximal cluster. The peak width of the -500 mV peak is similar for the WT 
and the variant proteins. This suggests that if this explanation is correct then the reduction 
potential of the proximal [4Fe4S] cluster must be shifted to be nearly identical to that of 
the distal [4Fe4S] cluster such that they cannot be distinguished by deconvolution of 
signals. Third, the reduction potential of the proximal [4Fe4S] in the variant proteins has 
shifted to more negative potentials and, as a result, is outside the measurable potential 
window. From these experiments alone, it is not possible to determine which of these 
scenarios is most likely. Complementary EPR redox titrations are necessary to measure the 
reduction potential of the proximal [4Fe4S] cluster. 
Figure 4.3 shows catalytic voltammograms from WT and variant PfNfnI in the 
presence of NADP+ and NADPH. The D223C variant, in which the amino acid exchange 
is far from the NADP(H) binding site, has a potential dependence of catalytic activity that 
is very similar to WT, i.e. it is strongly biased towards NADP+ reduction with little or no 
NADPH oxidation detected. When compared to WT, the E126C variant, in which the 
amino acid exchange is close to the NADP(H) binding site, has a noticeable increase in 
NADPH oxidation activity relative to NADP+ reduction. For the D223C/E126C variant, 
this shift in catalytic bias towards NADPH oxidation is even more pronounced. Table 4.1 
summarizes quantitatively the maximal NADPH oxidation current relative to NADP+ 
reduction current for all four of these proteins. In addition, the catalytic wave shapes in 
Figure 4.3C and D differ from Figure 4.3A and B. As NADPH oxidation activity increases, 
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the wave shape for oxidative current becomes more sigmoidal. This is likely an inherent 
property of WT and all the PfNfnI variants, but it is not observable when the activity for 
NADPH oxidation is low. The results suggest that E126 may be important for tuning the 
NADP(H) catalytic bias for NADP+ reduction relative to NADPH oxidation in PfNfnI. 
Figure 4.4 shows catalytic voltammograms from WT and the PfNfnI variants in the 
presence of NAD+ and NADH. In all cases, NADH oxidation activity is greater relative to 
NAD+ reduction for the variant proteins than the WT. This change is quantified as the 
catalytic bias in Table 4.1 and ranges between 0.9 for the WT and 7.2 for the E126C variant. 
It is worth noting that both D223 and E126 appear to play a role in modulating the 
NAD+/NADH activity ratio. Surprisingly, the E126C exchange, which is remote from the 
NAD(H) binding site, has the most significant impact on the catalytic bias. One explanation 
is that the E126 residue is responsible for an allosteric effect that is changed by the presence 
of a cysteine residue such that the rate of NADH oxidation is increased in the variant 
protein.  
To determine whether changes in the binding affinities for the various substrates play 
a significant role in the observed catalytic changes for the PfNfnI variant proteins, 
electrochemical Michaelis constants were determined from chronoamperometric 
experiments at various substrate concentrations (Appendix B). Table 4.2 summarizes the 
Michaelis constants for the variants. The values of KmNADP+, KmNAD+, and KmNADPH are not 
significantly changed by the site-directed variations. However, changes at both position 
D223 and E126 increase KmNADH by a factor of approximately 2 such that binding is less 
favorable. Furthermore, the D223C/E126C variant has the highest Km value, increased by 
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a factor of approximately 5 relative to WT. Taken together with the voltammetric rate 
observations, we conclude that binding affinity for NADH is weakened by the substitutions 
at D223 and E126, but the rate of oxidation of NADH relative to reduction of NAD+ is 
increased.   
Like WT, product inhibition is observed in electrocatalysis by the site-directed 
variants, and inhibition constants were determined via chronoamperometric experiments at 
a fixed potential (Appendix C). Table 4.3 summarizes the inhibition constants for the 
variants. All of the site-directed variant proteins have higher inhibition constants for every 
pyridine nucleotide than the WT enzyme. Since the inhibition is competitive, the inhibition 
constants are binding constants for the inhibitor in the presence of the substrate. Therefore, 
binding of the inhibitors is less favorable in the presence of substrate for the variant 
enzymes. The smallest increase is observed for NADH, and the largest increase is observed 
for NAD+, i.e. for the variant enzymes, KiNADH is significantly smaller than KiNAD+. This 
suggests that in the presence of both NADH and NAD+, binding of NAD+ is weaker than 
NADH, i.e. the mutants preferentially bind NADH over NAD+ when both are present. In 
contrast, KiNADH is similar to KiNAD+ for WT suggesting there is no preference to bind either 
substrate. For WT enzyme, KiNADPH is an order of magnitude larger than KiNADP+, 
suggesting a preference for binding NADP+ when both NADP+ and NADPH are present. 
However, for D223C and E126C, KiNADPH is only about twice KiNADP+, and for 
D223C/E126C, KiNADPH is similar to KiNADP+. This suggests the preference to bind NADP+ 
over NADPH decreases for the single mutants, and there is no preference for the double 
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mutant. These findings demonstrate that the D223 and E126 residues influence substrate 
binding. 
The PfNfnI variants were made to test the hypothesis that the non-cysteine ligands 
coordinating the [FeS] clusters are important for electron bifurcation. To evaluate possible 
roles of the non-cysteine ligands in bifurcation activity, cyclic voltammograms were 
obtained in the presence of a nicotinamide substrate and after the corresponding bifurcation 
substrate was added, i.e. in the presence of NADP+ and after the addition of NADH (Figure 
4.5). For WT enzyme, NADP+ reduction current is decreased after addition of NADH as a 
result of the competition between electrocatalysis and bifurcation. Since there is no 
evidence to suggest these two substrates bind at the same site, the decrease in current is 
likely not a result of inhibition, and the decrease in current is a quantitative measure of the 
extent of bifurcation activity (this is discussed further in Chapter 3). The NADP+ reduction 
current, measured at -690 mV, in the presence of NADH is decreased by 19%, 7%, 8%, 
and 11% for WT, D223C, E126C, and D223C/E126C, respectively. This suggests that 
electron bifurcation is fastest for the WT protein and exchanging the non-cysteine ligands 
around the [FeS] clusters slows down electron bifurcation. This conclusion was further 
corroborated by investing the effect that adding NADP+ has on NADH oxidation activity 
(Figure 4.6). Similar to the results shown in Figure 4.5, NADH oxidation activity is 
decreased after the addition of NADP+ demonstrating that electron bifurcation can be 
probed with either NADP+ reduction or NADH oxidation. NADH oxidation activity, 
measured at 110 mV, is decreased after the addition of NADP+ by 24%, 12%, 13%, and 
10% for WT, D223C, E126C, and D223C/E126C, respectively. Experiments were not 
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performed to measure whether the activity could be regained after removing the bifurcating 
substrate. 
Electron bifurcation activity was also investigated for the reverse direction, namely 
the NAD+-dependent oxidation of NADPH. No decrease in current was observed in NAD+ 
reduction activity after NADPH was added (Figure 4.7). An increase in reductive current 
can be observed, in particular for Figure 4.7B, which is likely from NADP+ impurity in the 
NADPH sample. There is also no detectable decrease in NADPH oxidation current after 
the addition of NAD+ (Figure 4.8). An increase in oxidative current can be observed in 
these voltammograms. The reason for this is unknown, but previous work has suggested 
that binding of substrates can cause allosteric effects in PfNfnI.4 Hence, one possible 
explanation is that the binding of NAD+ increases the rate of NADPH oxidation. Since no 
decrease in current is observed for Figure 4.7 and Figure 4.8, this suggests that slow 
electron bifurcation activity is observed for these processes. This indicates that PfNfnI and 
all the variants catalyze the NADH-dependent reduction of NADP+ by reduced ferredoxin 
faster than the reverse reaction. 
 
4.5 Discussion 
Flavin-based electron bifurcation (FBEB) is a recently discovered phenomenon. 
Currently, little is known about the mechanism of this process, or the key properties that 
allow enzymes to perform FBEB. It is hypothesized that the unusual non-cysteine residues 
that coordinate the [2Fe2S] and [4Fe4S] clusters in Nfn enzymes are key to controlling 
95 
 
electron flow within the enzyme and hence electron bifurcation activity. These factors were 
investigated here via three site-directed variant enzymes of PfNfnI: D223C, E126C, and 
D223C/E126C.  
Previous studies investigating the effect of exchanging non-cysteine ligands of [FeS] 
clusters with cysteine in other proteins have inevitably lead to decreases in the activity of 
the protein, i.e. the exchange decreases the rate of electron transfer in ferredoxin and the 
rate of catalysis by hydrogenase.15, 16, 19 Unexpectedly, instead of being detrimental to 
electrocatalytic activity, the mutations in PfNfnI all change the catalytic bias of reactivity 
with NAD(H) towards NADH oxidation. Furthermore, exchanging E126 to a cysteine 
changes the catalytic bias with NADP(H) of PfNfnI towards NADPH oxidation. However, 
for electron bifurcation activity, the results here suggest that activity is decreased for the 
variants compared to WT. This strongly supports the hypothesis that the non-cysteine 
ligands of the [FeS] clusters in PfNfnI are important in regulating electron bifurcation 
activity. The approximately 2-fold decrease in electron bifurcating activity for PfNfnI for 
the variants is modest compared to the 1000-fold decrease in rate of electron transfer for 
variants of a Rieske cluster-containing ferredoxin,16 and the 100-fold decrease in rate of 
hydrogen oxidation for variants of a hydrogenase.19 Interestingly, the decrease is consistent 
with the 2-fold decrease in the rate of electron transfer for the D14C variant ferredoxin 
from P. furiosus to pyruvate ferredoxin oxidoreductase.15 This suggests that the non-
cysteine ligands to [FeS] clusters are important for protein function in P. furiosus proteins, 
but are not as indispensable as for other proteins reported in the literature.  
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To our knowledge, this is the first study to investigate the effect that non-cysteine 
ligands of [FeS] clusters have on the binding of substrates to an oxidoreductase. The 
binding affinities of the nicotinamide substrates are unaffected by exchanging the non-
cysteine residues at the [FeS] clusters to cysteine, except for NADH. For all three variants 
tested here, the binding affinity of NADH is decreased, i.e. KmNADH is increased. The 
binding preferences of the substrates to the enzyme are changed in the variants relative to 
WT. The preference to bind NADP+ over NADPH when both are present decreases in the 
series WT > D223C > E126C > D223C/E126C. These results indicate that the coordinating 
ligands of the [FeS] clusters can influence more than just the reduction potentials of the 
cofactors. 
Exchanging the glutamic acid residue at the proximal [4Fe4S] cluster impacts the 
reduction potential of the cluster, but it is unclear from the results here what the change 
caused by the mutation is. Previous experiments exchanging non-cysteine ligands of [FeS] 
clusters to cysteine demonstrate that the variant has a lower reduction potential of the 
cluster by 60 to 300 mV.15-18 By analogy, this suggests that the already unprecedentedly 
low reduction potential of the proximal [4Fe4S] cluster (-700 mV) could be even lower in 
the E126C and D223C/E126C variants. The discovery of a [4Fe4S] cluster with a tetra-
cysteine coordination environment and a reduction potential <-700 mV is unlikely. Hence, 
we hypothesize that the reduction potential of the proximal [4Fe4S] cluster increases in the 
E126C and D223C/E126C variants. E126C and D223C/E126C are more biased towards 
NADPH oxidation than NADP+ reduction which suggests that exchanging the non-cysteine 
ligand at the proximal [4Fe4S] cluster makes L-FAD more oxidizing. In addition, we 
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hypothesize that exchanging E126 stabilizes the semiquinone state of L-FAD. This 
increases the reduction potential of the oxidized to semiquinone transition and decreases 
the reduction potential of the semiquinone to hydroquinone transition of L-FAD. Thus, this 
slows electron transfer from the [2Fe2S] cluster to L-FAD and decreases the rate of 
electron bifurcation. 
Since exchanging non-cysteine ligands of [FeS] clusters to cysteine can decrease the 
reduction potential of the cluster, it is expected that the D223C and D223C/E126C variants 
would have a lower reduction potential for the [2Fe2S] cluster than WT (80 mV).13 
However, no signal is observed for the [2Fe2S] cluster of any sample studied in this 
chapter, or in fact of any Nfn sample investigated in this thesis. As above, we hypothesize 
that the reduction potential of the [2Fe2S] cluster is increased in the D223C and 
D223C/E126C variants. EPR measurements of WT PfNfnI suggest that the wavefunctions 
of the [2Fe2S] cluster and S-FAD are interconnected, i.e. changes in the reduction potential 
of the [2Fe2S] cluster influence the reduction potential of S-FAD.3 This is observed in the 
D223C and D223C/E126C variants which are biased towards NADH oxidation over NAD+ 
reduction. This suggests that S-FAD is more oxidizing in the D223C and D223C/E126C  
variants than WT. Furthermore, the increase in the reduction potential of the [2Fe2S] 
cluster slows electron transfer to L-FAD, ultimately slowing the rate of electron 
bifurcation. 
The (Cys)3X coordinating motif for [FeS] clusters appears in two key proteins for 
bioenergetic processes in P. furiosus, both PfNfnI and PfFd. This suggests that 
noncanonical ligands may be important for controlling electron flow within P. furiosus. 
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Hence, instead of being unusual novelties, non-cysteine ligation to [FeS] clusters may be a 
tool for metabolic control in biological systems. 
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Figure 4.1: Crystal structure of PfNfnI (PDB: 5JFC)3. S-FAD is shown in blue, and L-
FAD is shown in red. The FeS clusters are shown as space-filling spheres. The insets 
highlight the aspartic acid residue (D223) at the [2Fe2S] cluster and the glutamic acid 
residue (E126) at the [4Fe4S] cluster proximal to L-FAD. 
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Figure 4.2: Square wave voltammograms from WT and site-directed variants of PfNfnI 
immobilized on graphite electrodes: (A) WT; (B) D223C; (C) E126C; (D) 
D223C/E126C. Experimental conditions: 60 °C, pH 7, 100 Hz frequency, 0.5 mV step 
potential, 20 mV amplitude. 
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Figure 4.3: Cyclic voltammograms from WT and site-directed variants of PfNfnI 
immobilized on graphite electrodes and in the presence of 1 mM of each NADP+ and 
NADPH. (A) WT; (B) D223C; (C) E126C; (D) D223C/E126C. Experimental conditions: 
pH 7, 60 °C, electrode rotation rate 2500 rpm, and potential scan rate of 20 mV s-1. 
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Figure 4.4: Cyclic voltammograms of WT and site-directed variants of PfNfnI 
immobilized on graphite electrodes in the presence of 1 mM of each NAD+ and NADH. 
(A) WT; (B) D223C; (C) E126C; (D) D223C/E126C. Experimental conditions: pH 7, 
60 °C, electrode rotation rate 2500 rpm, and potential scan rate of 20 mV s-1. 
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Figure 4.5: Cyclic voltammograms from WT and site-directed variants of PfNfnI 
immobilized on graphite electrodes in the presence of 1 mM NADP+ (black) and after the 
addition of 1 mM NADH (red). (A) WT; (B) D223C; (C) E126C; (D) D223C/E126C. 
Experimental conditions: pH 7, 60 °C, electrode rotation rate 2500 rpm, and potential scan 
rate of 20 mV s-1. 
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Figure 4.6: Cyclic voltammograms from WT and site-directed variants of PfNfnI 
immobilized on graphite electrodes in the presence of 1 mM NADH (black) and after the 
addition of 1 mM NADP+ (red). (A) WT; (B) D223C; (C) E126C; (D) D223C/E126C. 
Experimental conditions: pH 7, 60 °C, electrode rotation rate 2500 rpm, and potential scan 
rate of 20 mV s-1. 
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Figure 4.7: Cyclic voltammograms from WT and site-directed variants of PfNfnI 
immobilized on graphite electrodes in the presence of 1 mM NAD+ (black) and after the 
addition of 1 mM NADPH (red). (A) WT; (B) D223C; (C) E126C; (D) D223C/E126C. 
Experimental conditions: pH 7, 60 °C, electrode rotation rate 2500 rpm, and potential scan 
rate of 20 mV s-1. 
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Figure 4.8: Cyclic voltammograms from WT and site-directed variants of PfNfnI 
immobilized on graphite electrons in the presence of 1 mM NADPH (black) and after the 
addition of 1 mM NAD+ (red). (A) WT; (B) D223C; (C) E126C; (D) D223C/E126C. 
Experimental conditions: pH 7, 60 °C, electrode rotation rate 2500 rpm, and potential scan 
rate of 20 mV s-1.  
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Table 4.1: Catalytic biases of WT and site-directed variants of PfNfnI immobilized on 
graphite electrodes.  
iox/ired NADPH/NADP+ NADH/NAD+ 
WT 0.2 ± 0.1a,b 0.9 ± 0.1 
D223C 0.1 ± 0.1 2.2 ± 0.1 
E126C 0.3 ± 0.1 7.2 ± 0.1 
D223C/E126C 0.5 ± 0.1 5.0 ± 0.1 
aCurrent measured at ±300 mV from the nicotinamide reduction potential at pH 7 
(-320 mV).  
bError bars represent the standard deviation of three scans with two different protein films 
(n = 6). 
 
 
 
 
Table 4.2: Michaelis constants for WT and site-directed variants of PfNfnI immobilized 
on a graphite electrode.  
Km (µM)a NADPH NADH NADP+ NAD+ 
WT 23 ± 16b 22 ± 2 12 ± 3 17 ± 5 
D223C 12 ± 3 52 ± 15 26 ± 4 12 ± 2 
E126C 33 ± 1 83 ± 38 8 ± 1 8 ± 1 
D223C/E126C 29 ± 2 112 ± 29 8 ± 1 16 ± 2 
aActivity is measured at -490 mV and 110 mV for reductive and oxidative processes, 
respectively. 
bError bars represent the standard deviation of fixed potential experiments on three 
different protein films. 
 
 
 
Table 4.3: Inhibition constants of WT and site-directed variants of PfNfnI immobilized on 
graphite electrodes.  
Ki (µM)a NADPH NADH NADP+ NAD+ 
WT 129 ± 9b 53 ± 3 15 ± 12 36 ± 6 
D223C 677 ± 45 117 ± 17 237 ± 1 624 ± 7 
E126C 584 ± 32 80 ± 3 364 ± 57 1160 ± 130 
D223C/E126C 484 ± 44 123 ± 3 493 ± 36 1390 ± 60 
aActivity is measured at -690 mV and 110 mV for reductive and oxidative processes, 
respectively. 
bError bars represent the standard deviation of fixed potential experiments on three 
different protein films. 
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5.1 Abstract 
NADH-dependent reduced ferredoxin:NADP+ oxidoreductase (Nfn) is a recently 
discovered enzyme that performs flavin-based electron bifurcation, an important 
bioenergetic process for anaerobes. Nfn couples the reversible reduction of NADP+ with 
concomitant oxidation of reduced ferredoxin and NADH. Previously in this dissertation, it 
was shown that Nfn from Pyrococcus furiosus (PfNfnI) is electrocatalytically tuned for the 
reduction of NADP+ through favorable binding and catalysis of the substrate. To 
investigate the determinants of these properties, a genetic variant of PfNfnI was constructed 
that consists only of the large subunit (PfNfnIL). Herein, protein film electrochemistry is 
used to characterize the electrocatalytic properties of PfNfnIL. PfNfnIL retains similar 
catalytic properties to holo-PfNfnI suggesting that the small subunit is not essential for the 
structural stability of the large subunit. In addition, PfNfnIL has a weaker binding affinity 
for NADPH than holo-PfNfnI suggesting that the small subunit influences nicotinamide 
binding in the large subunit. 
 
5.2 Introduction 
Flavin-based electron bifurcation (FBEB) has recently been discovered as an 
important bioenergetic reaction in anaerobes.1, 2 In this process, an exergonic reaction and 
an endergonic reaction are coupled in key bioenergetic processes to conserve energy. The 
NADH-dependent reduced ferredoxin:NADP+ oxidoreductase (Nfn) has emerged as a 
model system to study FBEB. 
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For FBEB activity, Nfn enzymes are minimally heterodimeric proteins consisting of 
large (L) and small (S) subunits (Figure 1.4). The L subunit contains a flavin adenine 
dinucleotide (L-FAD) and two [4Fe4S] clusters. The S subunit contains another flavin 
adenine dinucleotide (S-FAD) and a [2Fe2S] cluster. The L-FAD, located at the boundary 
between the L and S subunits, is believed to be the location of the NADP(H) binding site 
and the site of electron bifurcation.7 Thus, the S subunit is likely to affect L-FAD reactivity. 
Furthermore, H/D exchange experiments have shown that binding of substrates at the S 
subunit alters the structure of the L subunit near L-FAD.4, 5 
Herein, the effects of the S subunit on the electrocatalytic properties of Nfn are 
investigated using protein film electrochemistry. As described elsewhere in this 
dissertation, holo-NfnI from Pyrococcus furiosus (PfNfnILS) has been used as a model 
Nfn in electrocatalytic studies (Chapters 3, 4, and 6). The S subunit of PfNfnILS was 
genetically deleted to produce a monomeric protein consisting only of the large subunit 
(PfNfnIL) to define the influence of the S subunit on the catalytic activity of Nfn. We show 
that binding of NADPH is weakened in PfNfnIL compared to PfNfnILS suggesting that 
the S subunit does indeed influence the functionality of Nfn enzymes. 
 
5.3 Materials and Methods 
Collaborators at the National Renewable Energy Laboratories and the University 
of Georgia created the appropriate genetic constructs for expression of the desired enzymes 
and purified samples for electrochemical experiments. Polymyxin B is added to the protein 
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sample to reach a final concentration of 500 µg/mL. Enzymes were immobilized on 
pyrolytic graphite edge-plane electrodes by spotting 5 µL of the protein solution and 
allowing it to dry. 
Electrochemical experiments were carried out at 60 °C in a glovebox filled with 
nitrogen using the electrochemical set-up and equipment described in Chapter 1. 
Experiments with ferricyanide as a standard found that the Ag/AgCl reference electrode 
was 0.21 V versus the standard hydrogen electrode (SHE). Hence, all potentials were 
adjusted to the SHE reference scale by adding 0.21 V. 
Square wave voltammograms were performed by scanning the potential with 
100 Hz frequency, 0.5 mV step potential and 20 mV amplitude. 
 Current measurements at fixed potential were used to determine Km at a potential 
of -490 mV for NAD+ and NADP+ reduction and 110 mV for NADH and NADPH 
oxidation. The current was allowed to stabilize for 300 s before injecting substrate. 
Additional aliquots of substrate were added every 60 s after current was allowed to 
stabilize. Exponential decay of the current that could be attributed to irreversible film loss 
was observed. To account for this, data were corrected by fitting the initial 60 s after the 
first injection of substrate for each trace to i = (i଴ − i୪୧୫) exp ቀ
୲బି୲
த
ቁ + i୪୧୫, where i଴ is the 
current at the initial time t଴, i୪୧୫ is the limiting current, i.e. the value that the current tends 
to as t → ∞, and τ is an exponential decay constant. After correcting for film loss, the 
current in the absence of substrate was subtracted from all currents to ensure the current at 
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zero substrate is zero. The corrected current at each substrate concentration was averaged 
and used to create a Lineweaver-Burk plot to determine the Michaelis constant. 
 Current measurements at fixed potential were also used to determine the NADPH 
inhibition constant of NADP+ reduction with the potential poised at -690 mV. Since the 
quantity of electroactive enzyme on the electrode varies between experiments, data were 
normalized to electrocatalytic activity with 0.5 mM substrate without inhibitor and 
measured for 100 s before introducing additional substrate or inhibitor into the experiment. 
To account for film loss, initial data were fit to an exponential as described for the Km 
experiments. Three substrate concentrations were investigated: 0.5, 0.75, and 1 mM. Least 
squares linear regression of Dixon plots at each substrate concentration was used to define 
the inhibition constant as the point of intersection of these lines. 
 
5.4 Results 
Figure 5.1 shows square wave voltammograms from PfNfnILS and PfNfnIL. As 
reported earlier, square wave voltammograms from PfNfnILS consist of three signals 
at -700, -500, and -250 mV arising from the proximal [4Fe4S] cluster, the distal [4Fe4S] 
cluster, and one or both FAD molecules, respectively. Figure 5.1B, a voltammogram from 
PfNfnIL, features peaks at both -490 and -240 mV arising from the [4Fe4S] cluster distal 
to the FAD and the FAD, respectively. These peaks are unchanged from the holoenzyme 
suggesting that removal of the NfnS subunit does not affect the potential of the remaining 
cofactors in PfNfnIL.  
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Electrocatalytic activity of PfNfnILS and PfNfnIL was evaluated using cyclic 
voltammetry. Figure 5.2 shows reactivity with 1 mM each NADP+ and NADPH. For both 
enzymes, a higher current is measured for NADP+ reduction than NADPH oxidation. The 
ratio of oxidative to reductive activity is referred to as catalytic bias, and the data show 
that, under these experimental conditions, both PfNfnILS and PfNfnIL are biased towards 
NADP+ reduction. No catalytic current is observed for PfNfnIL with NAD+ or NADH, 
presumably because the binding site for these substrates has been removed. This strongly 
suggests that NAD(H) does not bind to the L subunit, i.e. there is no non-specific activity 
with NAD(H) at the NADP(H) binding site. In addition, the similar catalysis observed for 
PfNfnIL with NADP(H) compared to PfNfnILS demonstrates that the S subunit is not 
essential for the structural stability of the L subunit. 
Measurement of current at a fixed electrode potential with increasing concentrations 
of substrate were used to determine Michaelis constants for NADP+ and NADPH for 
PfNfnL (Figure 5.3). The values of KmNADP+ and KmNADPH are 10 ± 2 and 108 ± 35, 
respectively. The corresponding values for PfNfnILS are 12 ± 3 and 27 ± 16 (Chapter 3). 
Comparing PfNfnIL and PfNfnILS, KmNADP+ is unaffected by removing the S subunit. 
However, KmNADPH is larger for PfNfnIL than PfNfnILS. This suggests that the binding 
affinity of NADPH is impacted by the S subunit. 
By analogy to PfNfnI, it is expected that PfXfn is product inhibited. Because of the 
low activity for NADP+ reduction and NADPH oxidation, the extent of inhibition 
investigated by cyclic voltammetry did not produce any conclusive results for PfXfn. 
Fortunately, the product inhibition constant could be measured for NADPH by fixed 
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potential electrocatalytic measurements with increasing amounts of inhibitor. These 
experiments were undertaken at three NADP+ concentrations to construct Dixon plots 
(Figure 5.4).  KiNADP+ could not be measured because of low NADPH oxidation. KiNADPH 
is 129 ± 9 and 302 ± 29 µM for PfNfnILS and PfNfnIL, respectively. Since the inhibition 
is competitive, the inhibition constant is the binding constant of NADPH in the presence 
of NADP+. Therefore, the binding of NADPH is weaker in PfNfnIL compared to PfNfnILS. 
This suggests that the S subunit influences binding at the L-FAD site. 
 
5.5 Discussion 
Since little is known about the phenomenon of FBEB, we investigated the influence 
of the S subunit on the electrocatalytic properties of the model system PfNfnI. Samples of 
PfNfnI were prepared that lacked the S subunit, i.e. PfNfnIL, by removing the sequence 
encoding the small subunit from the expression construct. The PfNfnIL monomer is a 
subcomplex of the PfNfnILS holoenzyme, i.e. they are identical in the L subunit, and any 
difference in properties must result from the deletion of the S subunit.  
Removal or truncation of subunits typically decreases catalytic activity of redox 
enzymes.8-11 Because kcat cannot be quantitatively determined in this work, it is difficult to 
conclude whether catalytic activity is decreased in PfNfnILS relative to PfNfnIL. However,  
alteration in subunits composition has led to a change in catalytic bias for some redox 
enzymes.8 That is not observed here suggesting that the electrocatalytic mechanism of 
oxidation/reduction of NADP(H) by PfNfnI is not impacted by removal of the S subunit. 
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Removal of subunits can also impact the binding constants of substrates and 
inhibitors.12 Although, removal of the S subunit did not affect the binding affinity of 
NADP+ to PfNfnIL relative to PfNfnILS, the binding affinity of NADPH was decreased in 
the protein containing only large subunit. Similarly, the binding constant of NADPH in the 
presence of NADP+ is increased. However, as a result of low NADPH oxidation activity, 
the corresponding binding constant for NADP+ in the present of NADPH could not be 
measured. Thus, it remains unknown whether the removal of the S subunit selectively 
increases the binding constant of NADPH in the presence of NADP+. 
A homologue of PfNfnI, known as PfXfn, has recently been purified. PfXfn is a 
dimeric protein with the same composition of cofactors as PfNfnI. Unlike PfNfnI, PfXfn 
can reduce NADP+ using electrons from reduced ferredoxin in the absence of NADH,13 i.e. 
PfXfn may be a non-FBEB Nfn (further differences between PfNfnI and PfXfn are 
discussed in Chapter 6 of this thesis). Although the S subunit has a clear functional role in 
FBEB Nfn enzymes, the fact that PfXfn contains a S subunit suggests that it may also have 
other functional roles. As shown here, a functional NfnL monomer can be successfully 
expressed suggesting that the S subunit is not required to ensure correct folding of NfnL 
and may not be necessary for structural stability of NfnL. The work here suggests that the 
major role of the S subunit is in tuning binding properties of substrates to Nfn enzymes. 
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Figure 5.1: Square wave voltammograms from (A) PfNfnILS and (B) PfNfnIL 
immobilized on graphite electrodes. Experimental conditions: 60 °C, pH 7, stationary 
electrode, 100 Hz frequency, 0.5 mV step potential, 20 mV amplitude. 
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Figure 5.2: Cyclic voltammograms from (A) PfNfnILS, (B) PfNfnIL immobilized on 
graphite electrodes in the presence of 1 mM each of NADP+ and NADPH. Experimental 
conditions: 60 °C, pH 7, potential scan rate of 20 mV s–1, and electrode rotation rate of 
2500 rpm. 
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Figure 5.3: Current as a function of time from PfNfnIL immobilized on graphite electrodes 
in the presence of increasing concentrations (10 nM to 1 µM) of NADP+ (A) or NADPH 
(C). Michaelis-Menten curves from data in panels A and C are obtained by averaging the 
current at each substrate concentration over the entire time interval (see Materials and 
Methods for more information). Panel (B) is data from NADP+ and panel (D) from 
NADPH. Experimental conditions: 60 °C, pH 7, electrode rotation rate of 
2500 rpm, -490 mV (A, B), and 110 mV (C, D). 
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Figure 5.4: Current as a function of time from PfNfnIL immobilized on graphite electrodes 
in the presence of 0.5 (A), 0.75 (B), and 1 mM NADP+ (C) and increasing concentrations 
of NADPH. Dixon plot from data in panel A, B, and C are obtained by averaging the current 
at each inhibitor (NADPH) concentration over the entire time interval (see Materials and 
Methods for more information). The red lines in panel D are linear least square regression 
lines extrapolated to negative values where the point of intersection is equal to -KiNADPH. 
Experimental conditions: 60 °C, pH 7, electrode rotation rate of 2500 rpm, and electrode 
potential of -690 mV. 
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6.1 Abstract 
NADH-dependent reduced ferredoxin:NADP+ oxidoreductase (Nfn) represent the 
best studied group of flavin-based electron bifurcation (FBEB) enzymes. To date, all 
reported Nfn enzymes are heterodimeric enzymes that catalyze the reduction of NADP+ by 
NADH and reduced ferredoxin. All three substrates are strictly required for optimal 
reactivity. The best characterized Nfn is isolated from the hyperthermophilic archaea 
Pyrococcus furiosus (PfNfnI), as discussed in previous chapters of this dissertation. 
Recently, two new Nfn enzymes were discovered from the same family as P. furiosus that 
differ from PfNfnI. One, a homologue of PfNfnI also expressed in P. furiosus (PfXfn) 
which has unfavorable binding of NAD(H) and performs the reduction of NADP+ with 
only reduced ferredoxin, i.e. a non-FBEB process. Two, a trimeric Nfn from the 
hyperthermophile Thermococcus sibiricus (TsNfnABC) which is structurally distinct from 
the dimeric Nfn enzymes and has not yet been characterized. In this work, protein film 
electrochemistry is utilized to characterize the catalytic properties of PfXfn and TsNfnABC 
which are compared to the corresponding properties in PfNfnI. It is found that binding of 
substrates is weaker in PfXfn and TsNfnABC compared to PfNfnI. Furthermore, the rate 
of electron bifurcation is slower in TsNfnABC than PfNfnI. The results here suggest that 
Nfn enzymes can vary significantly in properties even within the same family. 
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6.2 Introduction 
Flavin-based electron bifurcation (FBEB) is an important bioenergetic process 
recently discovered in anaerobes.1 Several enzymes have been discovered to perform 
FBEB,2 the most well studied is the NADH-dependent reduced ferredoxin:NADP+ 
oxidoreductase (Nfn).3-7 Nfn catalyzes the reversible reduction of NADP+ with reduced 
ferredoxin and NADH. Nfn enzymes examined to date are heterodimeric proteins with a 
small subunit and a large subunit, NfnS and NfnL, respectively (Figure 1.4). The small 
subunit contains the NAD(H) binding site which is located at an FAD (S-FAD) cofactor, 
and a [2Fe2S] cluster.3 The large subunit contains the site of electron bifurcation (a second 
FAD known as L-FAD) where NADP(H) binds, and two [4Fe4S] clusters. The [4Fe4S] 
clusters form an electron transfer conduit assumed to link L-FAD to the ferredoxin binding 
site.6 
Nfn enzymes have already been identified from Clostridium kluyveri,5 Thermotoga 
maritima,3 and Pyrococcus furiosus (PfNfnI, discussed in detailed in this thesis). All three 
of these proteins have similar structure and catalytic properties. A separate Nfn from P. 
furiosus (PfXfn) was recently purified, assayed, and the structure solved by X-ray 
crystallography.8 The crystal structure showed that PfNfnI and PfXfn are structurally 
identical except for three key differences in the S subunit (Figure 6.1).8 First, a loop region 
partially blocks the S-FAD pocket of PfXfn, retarding NAD(H) binding. Second, an 
asparagine of PfNfnI in the S-FAD pocket (N218) is substituted by a histidine in PfXfn 
which hinders NAD(H) binding to the isoalloxazine ring of S-FAD. Third, a valine (V72) 
of PfNfnI is substituted with an arginine in PfXfn which blocks the entrance of the S-FAD 
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pocket. These small differences caused PfXfn to have negligible activity with NAD(H) in 
solution assays and also perform reduction of NADP+ with reduced ferredoxin without 
NADH, i.e. non-electron bifurcation. This suggests that there may be a lot more variety in 
Nfn enzymes than previously reported. 
Herein, we study the electrocatalytic properties of PfXfn and a trimeric Nfn from 
Thermococcus sibiricus (TsNfnABC) using protein film electrochemistry. Both P. furiosus 
and T. sibiricus are species from the same family, Thermococcaceae, and hence have 
similar metabolisms.9 Therefore, it is unknown why T. sibiricus expresses a trimeric Nfn 
rather than a dimeric one such as PfNfnI or PfXfn. TsNfnABC represents the first 
discovered trimeric Nfn, and the work here is the first report to characterize the properties 
of a Nfn of this type. The electrocatalytic activity, the binding of substrates, and 
electrochemical rates of electron bifurcation are examined and compared to the results 
found for PfNfnI (Chapter 3). We found that Nfn enzymes can exhibit a variety of different 
properties even within the same family. 
 
6.3 Materials and Methods 
Collaborators at the University of Georgia created the appropriate genetic 
constructs for expression of the desired enzymes and purified samples for electrochemical 
experiments. Polymyxin B was added to ~10 µM protein samples to reach a final 
concentration of with 500 µg/mL. 5 µL solution of this solution was spotted onto pyrolytic 
graphite edge-plane electrodes and left to dry to immobilize the protein. 
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Electrochemical experiments were carried out at 60 °C in a glovebox filled with 
nitrogen using the electrochemical set-up and equipment described in Chapter 1 of this 
thesis. The Ag/AgCl references electrodes were measured to be 0.21 V versus the standard 
hydrogen electrode (SHE). Thus, the potentials were adjusted to SHE by adding 0.21 V. 
Square wave voltammograms were performed by scanning the potential with 
100 Hz frequency, 0.5 mV step potential and 20 mV amplitude. 
 Current measurements at fixed potential were used to determine Km at a potential 
of -490 mV for NAD+ and NADP+ reduction and 110 mV for NADH and NADPH 
oxidation. The current was allowed to stabilize for 300 s before injecting substrate. 
Additional aliquots of substrate were added every 60 s after current was allowed to 
stabilize. Exponential decay of the current that could be attributed to irreversible film loss 
was observed. To account for this, data were corrected by fitting the initial 60 s after the 
first injection of substrate for each trace to i = (i଴ − i୪୧୫) exp ቀ
୲బି୲
த
ቁ + i୪୧୫, where i଴ is the 
current at the initial time t଴, i୪୧୫ is the limiting current, i.e. the value that the current tends 
to as t → ∞, and τ is an exponential decay constant. After correcting for film loss, the data 
is further corrected by subtracting the current when there is no substrate to ensure the 
current is zero when substrate concentration is zero. The corrected current at each substrate 
concentration was averaged and used to create a Lineweaver-Burk plot and determine the 
Michaelis constant. 
To account for changes in the electroactive coverage of PfNfnI during the course 
of experiments, studies to define the pH dependence of catalytic activity were conducted 
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using two electrochemical cells. The first electrochemical cell contained pH 7 buffer with 
1 mM of substrate. The second electrochemical cell contained mixed buffer and 1 mM 
substrate at a different pH value. Measurements were first made in the standard, pH 7 
conditions, and then activity was measured at the pH value of interest. Finally, the enzyme 
film was returned to pH 7 to observe the extent of film loss. This procedure was repeated 
for pH values of 9, 8, 6, and 5. The maximum current (imax), defined as the current 
at -690 mV for NADP+ reduction, was determined for the pH 7 data before and after each 
pH tested to define the percentage drop in activity. Based on the assumption that film loss 
is linear with time, the imax value for each experiment was corrected for this decrease by 
dividing by half of the percentage drop between the two measurements at pH 7. After this 
correction for irreversible film loss, the values of imax at each pH were normalized so that 
imax of the first scan at pH 7 is 1. 
 Current measurements at fixed potential were also used to determine inhibition 
constants with the potential poised at -690 mV for NAD+ and NADP+ reduction and 
110 mV for NADH and NADPH oxidation. Since the quantity of electroactive enzyme on 
the electrode varies between experiments, data were normalized to electrocatalytic activity 
with 0.5 mM substrate without inhibitor, measured for 100 s before introducing additional 
substrate or inhibitor into the experiment. To account for film loss, initial data were fit to 
an exponential as described for the Km experiments. Three substrate concentrations were 
investigated: 0.5 mM, 0.75 mM, and 1 mM. Least squares linear regression of Dixon plots 
at each substrate concentration was used to define the inhibition constant as the point of 
intersection of these lines. 
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6.4 Results 
6.4.1 PfXfn 
Sequence alignment of PfNfnI and PfXfn show that both share 70% sequence 
homology overall, with most of the differences between the two enzymes found within the 
small subunit (Figure 6.2). The large subunit and small subunit from both enzymes have 
86 and 43% homology, respectively. Thus, differences in catalytic properties between 
PfNfnI and PfXfn likely result from differences in the small subunit. 
 Square wave voltammetry was used to investigate whether the differences between 
PfNfnI and PfXfn lead to changes in the reduction potentials of the cofactors. Figure 6.3B 
shows voltammograms from immobilized PfXfn. Similar to PfNfnI (Figure 6.3A and 
discussed in Chapter 3), three peaks are clearly observed in the voltammogram of PfXfn 
below 0 V at -0.70, -0.49, and -0.25 V. The feature around 0 V is observed in the control 
experiment without protein, and thus results from the graphite electrode. The three peaks 
are at similar potentials to the peaks observed for PfNfnI which were identified as arising 
from redox reactions of the [4Fe4S] cluster proximal to L-FAD, the [4Fe4S] cluster distal 
to L-FAD, and one or both flavins, respectively. By analogy, we conclude that the peaks 
observed for PfXfn can be attributed to the same cofactors. 
The electrocatalytic activity of PfXfn was compared to that of PfNfnI using cyclic 
voltammetry in the presence of the various nicotinamide substrates. Figure 6.4 and Figure 
6.5 show voltammograms from immobilized PfNfnI and PfXfn with 1 mM each of NADP+ 
and NADPH (Figure 6.4A and B) and 1 mM each NAD+ and NADH (Figure 6.5A and B). 
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The electroactive coverage of the electrode could not be determined in these experiments; 
so quantitative analysis of catalytic rates cannot be performed. However, ratios of the 
oxidative catalysis to reductive catalysis, defined as the catalytic bias, can be compared. 
Both PfNfnI and PfXfn are catalytically biased towards NADP+ reduction over NADPH 
oxidation. In contrast to PfNfnI which catalyzes reactions with the other substrates, PfXfn 
reacts only very slowly with NADPH, NAD+, and NADH. This is consistent with solution 
assays of PfXfn in which low NAD+ reduction and NADPH and NADH oxidation activity 
were observed.8 However, careful comparison of substrate-free control voltammograms to 
voltammograms obtained in the presence of NAD+ demonstrate that PfXfn does reduce 
NAD+ at low potentials (Figure 6.5B), despite the unfavorable binding found by Nguyen 
et al.8 Since the most significant differences between PfNfnI and PfXfn are in the small 
subunit, the lower electrocatalytic activity of PfXfn with NADPH compared to PfNfnI is 
likely a result of changes in the small subunit. 
 To measure the effectiveness of PfXfn to catalyze the reduction of NADP+ and the 
oxidation of NADPH, Km for both substrates were measured (Figure 6.6). At a fixed 
potential, increasing amounts of substrate were injected into the electrochemical cell, and 
the current was detected as a function of time (Figure 6.6A and C). The currents at each 
concentration step were averaged and plotted against the substrate concentration to produce 
Michaelis-Menten curves (Figure 6.6B and D). Table 6.1 summarizes the Km values for 
PfNfnI and PfXfn. The values are similar for both enzymes, suggesting that the differences 
in the S subunit between PfNfnI and PfXfn do not change the affinity for NADP+ and 
NADPH. The similar Km values suggest that the high current measured for NADP+ 
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reduction versus NADPH oxidation is a kinetic property of the enzyme and not a 
thermodynamic property. Catatlytic currents for PfXfn were too small to reliably determine 
KmNAD+ and KmNADH. 
 The pH dependence of NADP+ reduction catalysis was investigated for PfXfn by 
cyclic voltammetry. The pH dependence of catalysis with NADPH, NAD+, and NADH 
could not be obtained for PfXfn due to low current.  In these experiments, the NADP+ 
reduction activity was measured in cell solutions with pH values ranging from 5 to 9. As 
explained in the methods section, to account for film loss, voltammograms were also 
obtained at pH 7 before and after each scan at the pH value of interest. The currents were 
adjusted at every pH to account for film loss (see Materials and Methods). Since reduction 
requires a proton as substrate, as the pH is increased, it is expected that the rate of NADP+ 
reduction will decrease. Figure 6.8 shows the pH dependence of NADP+ reduction by 
immobilized PfNfnI and PfXfn. For PfNfnI, from pH 5 to 8 the rate of NADP+ reduction 
remains approximately constant and then decreases at pH 9 (Figure 6.8A). This pH 
behavior is not observed for PfXfn. Instead, for PfXfn, increasing pH causes normalized 
NADP+ reduction catalysis to decrease (Figure 6.8B) from 1.2 to 0.4 over the pH range 
from 5 to 9. The modest changes in activity over five orders of magnitude of proton 
concentration suggest that proton transfer is not rate limiting in the mechanism of both 
enzymes.  
 Like PfNfnI, product inhibition can be observed for PfXfn. To probe this inhibition, 
catalysis by PfNfnI and PfXfn was measured with 1 mM substrate before adding 1 mM 
inhibitor; the results of these studies are shown in Figure 6.9. Addition of NADPH 
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decreases NADP+ reduction by approximately 15% for both PfNfnI and PfXfn. This 
suggests that NADPH inhibits by the same amount in both proteins. The NADP+ reduction 
activity is recovered by removal of NADPH for PfXfn, suggesting that product inhibition 
is reversible. Similar experiments could not determine NADP+ inhibition of NADPH 
oxidation because of low NADPH oxidation activity in PfXfn (Figure 6.9D). In addition, 
NAD+ reduction and NADH oxidation activities are too low to measure inhibition (Figure 
6.5B). Experiments to measure KiNADPH were performed by adding increasing amounts of 
NADPH into a cell containing NADP+ (Figure 6.10A and C). To generate Dixon plots, the 
experiment was repeated at three different NADP+ concentrations, and the current after 
each injection was plotted against NADPH concentration (Figure 6.10B and D). By 
extrapolating the plots to negative values on the x-axis, the lines intersect at a point equal 
to -KiNADPH. Hence, KiNADPH is 129 ± 9 µM and 1.7 ± 0.1 mM for PfNfnI and PfXfn, 
respectively (Table 6.2). This demonstrates that binding of NADPH in the presence of 
NADP+ is weaker in PfXfn than PfNfnI. This shows that the small subunit can affect not 
only catalysis in the large subunit, but also binding of substrates to the large subunit. 
 
6.4.2 TsNfnABC 
The potentials of the cofactors present in TsNfnABC were examined by square wave 
voltammetry and cyclic voltammetry (Figure 6.3C and D). As reported in Chapter 3 and 
mentioned above, square wave voltammograms from PfNfnI consist of three signals arising 
from the [4Fe4S] cluster proximal to L-FAD, the distal [4Fe4S] cluster, and one or both of 
the FAD cofactors with potentials of -0.70, -0.49, and -0.25 V, respectively (Figure 6.3A). 
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Square wave voltammograms from TsNfnABC are relatively featureless except for a small 
peak at -240 ± 1 mV. By analogy to PfNfnI and PfXfn, this peak likely arises from one or 
both FAD cofactors in the enzyme. It is unknown why there are limited features in the 
square wave voltammetry. Unlike PfNfnI and PfXfn, a peak is observed in non-catalytic 
cyclic voltammograms of TsNfnABC at -340 ± 7 mV (Figure 6.3D). This peak is at a 
potential too low for a FAD molecule and therefore likely corresponds to one or more [FeS] 
clusters within the protein.  
Electrocatalytic activity of TsNfnABC was evaluated using cyclic voltammetry. 
Figure 6.4C shows reactivity with 1 mM each NADP+ and NADPH. Generally, higher 
currents are observed for both NADP+ reduction and NADPH oxidation by TsNfnABC 
compared to PfNfnI and PfXfn. These higher currents may arise from faster turnover 
number (kcat) or greater electroactive coverage of enzyme on the electrode surface, but the 
two possibilities cannot be distinguished because the surface coverage cannot be 
independently measured. Nonetheless, the ratio of reductive to oxidative activity at fixed 
conditions, defined as catalytic bias, is independent of electroactive coverage and can be 
compared among different films of the same or various enzymes. Like PfNfnI and PfXfn 
(Figure 6.4A and B), a higher current is measured for NADP+ reduction than NADPH 
oxidation. As discussed above, this suggests that a common trait of Nfn enzymes is 
preference for NADP+ reduction. For the three enzymes studied here, catalytic bias, 
measured at ±300 mV driving force of the NADP(H) reduction potential, is 0.25, 0.14, and 
0.45 for PfNfnI, PfXfn, and TsNfnABC, respectively. This shows that TsNfnABC is 
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slightly more biased towards NADPH oxidation than NADP+ reduction compared to the 
other two enzymes. 
Figure 6.5C shows cyclic voltammograms from TsNfnABC with 1 mM each NAD+ 
and NADH. Low current is observed for immobilized TsNfnABC with NAD+ and NADH. 
There are two possible reasons for this result. First, TsNfnABC may have low activity for 
these two substrates. Second, the protein may be oriented unfavorably on the electrode 
surface, such that there is no electrical contact between the electrode and the NAD(H) 
binding site. From these data, which possibility is more likely cannot be determined. 
Fixed potential measurements of current with increasing concentrations of substrate 
were used to determine Michaelis constants for NADP+, NADPH, and NADH for 
TsNfnAB, shown in Figure 6.7. The Michaelis constants are summarized in Table 6.1. The 
Km values for NADP+, NADPH, and NADH are all higher for TsNfnABC than PfNfnI 
suggesting that TsNfnABC has a weaker binding affinity to the substrates than PfNfnI. 
Unlike PfNfnI and PfXfn which have similar binding affinities for their nicotinamide 
substrates, KmNADPH is larger than KmNADP+ (139 ± 28 and 57 ± 3, respectively) suggesting 
that TsNfnABC has a higher binding affinity to NADP+ than NADPH.  
Like PfNfnI (Chapter 3), TsNfnABC is product inhibited. Figure 6.9 shows product 
inhibition of NADP+ reduction and NADPH oxidation for PfNfnI and TsNfnABC. In these 
experiments, cyclic voltammograms were first obtained in the presence of 1 mM substrate. 
Then, 1 mM product was added to establish whether inhibition could be observed. Under 
these conditions, NADP+ reduction by PfNfnI and TsNfnABC is inhibited 15 and 30%, 
respectively. NADPH oxidation by PfNfnI and TsNfnABC is inhibited 30 and 40%, 
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respectively. These results show that both NADP+ reduction and NADPH oxidation is 
product inhibited more in TsNfnABC than PfNfnI. 
To determine whether the increase in inhibition for TsNfnABC compared to PfNfnI 
is due to variations in substrate binding constants between the two enzymes, product 
inhibition constants were measured. As discussed in previous chapters, the inhibition is 
competitive which means the inhibition constants are the binding constant of the inhibitor 
in the presence of the substrate. In these experiments, fixed potential electrocatalytic 
measurements with increasing amounts of inhibitor were undertaken at three substrate 
concentrations and Dixon plots constructed (Figure 6.11). Table 6.2 summarizes the 
inhibition constants measured from the Dixon plots for PfNfnI and TsNfnABC. TsNfnABC 
has higher KiNADP+ and KiNADPH than PfNfnI indicating that binding in the presence of both 
substrates is weaker in TsNfnABC compared to PfNfnI. Furthermore, KiNADPH is only about 
4-fold higher in TsNfnABC compared to PfNfnI whereas KiNADP+ is over an order of 
magnitude higher in TsNfnABC compared to PfNfnI. For PfNfnI, KiNADP+ is about an order 
of magnitude lower than KiNADPH, suggesting there is a preference for binding NADP+ over 
NADPH. However, for TsNfnABC, KiNADP+ is only approximately half of KiNADPH, i.e. the 
large difference in binding preference is not there.  Inhibition was not investigated for 
NAD+ reduction or NADH oxidation in TsNfnABC because the activity of both reactions 
is too slow to reliably measure any decrease. 
To compare electron bifurcation activity by PfNfnI and TsNfnABC, electrocatalytic 
experiments were undertaken in the presence of 1 mM substrate to measure baseline 
catalytic current for a single electrocatalytic reaction and then 1 mM of the bifurcation 
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partner was added for comparison (Figure 6.12 and Figure 6.13).  Figure 6.12A and C show 
that the NADH/NADP+ substrate pair displays bifurcation for PfNfnI, irrespective of the 
order of the addition of substrates. As discussed in Chapter 3, the loss of activity is due to 
competition between electrocatalytic reduction of NADP+ with two electrons and NADP+ 
reduction via NADH and only one electron from the electrode, i.e. electron bifurcation. 
Figure 6.13A and C show no loss in activity of NAD+ reduction after addition of NADPH 
and an increase in NADPH oxidation activity after the addition of NAD+ for PfNfnI. This 
suggests that reduction of NADP+ with NADH and reduced ferredoxin is faster and favored 
over the reverse reaction in PfNfnI. Interestingly, the opposite appears to be the case for 
TsNfnABC. Figure 6.12B and D show no change in NADP+ reduction and NADH 
oxidation after the addition of NADH and NADP+, respectively. On the other hand, Figure 
6.13D shows a decrease in NADPH oxidation activity after the addition of NAD+. 
However, Figure 6.13B shows that reductive activity is increased after the addition of 
NADPH, likely because of NADP+ contamination in the NADPH sample. Hence, these 
data suggest that the electron bifurcation reaction of NADP+ reduction with NADH and 
ferredoxin is slower for TsNfnABC compared to PfNfnI and the oxidation of NADPH and 
concurrent reduction of NAD+ and ferredoxin is faster in TsNfnABC than PfNfnI. 
 
6.5 Discussion 
The Nfn enzymes studied here come from archaea in the same family: 
Thermococcaceae. In addition to these examples, two Nfn enzymes have been reported 
from bacterial sources: Clostridium kluyveri (CkNfn), and Thermotoga maritima 
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(TmNfn).3, 5 These organisms represent diverse branches of life, indicating the metabolic 
importance of this protein. Structurally, PfNfn, PfXfn, and TmNfn, and by sequence 
homology CkNfn, are similar.6, 8 Most of these enzymes perform NADH-dependent 
NADP+ reduction by reduced ferredoxin faster than the reverse reaction. The exception is 
PfXfn which does not catalyze this process. TsNfnABC, the only trimeric Nfn enzyme 
studied to date, is structurally distinct, and the data from the electron bifurcation 
experiments here suggest that NADH-dependent NADP+ reduction by reduced ferredoxin 
is slower than the reverse reaction. Further discussion will focus on PfXfn and TsNfnABC 
separately. 
 
6.5.1 PfXfn 
Because of the high sequence homology of PfXfn to PfNfnI, it is expected that both 
proteins should have similar electronic properties, activity, and substrate affinity. This is 
the case for the reduction potential of these cofactors which are similar in PfXfn and 
PfNfnI. Surprisingly, the reduction potential of S-FAD is also similar between PfXfn and 
PfNfnI. The differences in the S-FAD binding pocket between the two proteins, in 
particular the replacement of an asparagine with a histidine and a valine with an arginine, 
might be expected to impact the reduction potential as a result of changes in the electric 
field around S-FAD. Previous experiments to generate variants of amino acid residues 
around FAD in other flavo-iron-sulfur proteins show that changing the electric field does 
affect the reduction potential of the cofactor.10, 11 S-FAD is solvent exposed, hence it is 
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likely that water molecules screen the charge from the histidine and arginine in the flavin 
binding pocket. 
 Unexpectedly, variations in the S subunit influence both the electrocatalysis and 
binding of substrates at the electron bifurcating site in the L subunit. Of particular note is 
the low NADPH oxidation activity in PfXfn compared to PfNfnI. This, and all other 
electrocatalytic activity of PfXfn compared to PfNfnI shown here, is in agreement with the 
solution assays performed on PfXfn.8 Although unexpected, there is precedent that 
variations far from the active site impact enzyme catalysis.12-14 Variation of amino acids 
far from the active site also impacts binding affinities of substrates.14 This is not the case 
for PfXfn where binding affinities of substrates at the L-FAD site are similar in both PfNfnI 
and PfXfn. However, KiNADPH which is equal to the binding constants of NADPH in the 
presence of NADP+ is significantly increased by the variations in the small subunit.  
 It is not known whether PfXfn is an electron bifurcating protein. Nguyen et al. 
reported that PfXfn exhibits “leaky” electron bifurcation, i.e. NADP+ reduction activity 
requiring only reduced ferredoxin, which suggests that PfXfn may not be an electron 
bifurcating enzyme.8 However, Nguyen and coauthors hypothesized that it is possible that 
PfXfn binds a third, unknown substrate at the S-FAD site, the presence of which increases 
the rate of NADP+ reduction with reduced ferredoxin. This third substrate could be a larger 
substrate such as a peptide or a small molecule that avoids the unfavorable interactions 
with the blocking histidine, arginine, and protein loop. However, no such third substrate 
has been reported to date.  
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If PfXfn is a non-electron bifurcating enzyme, it does not require a binding site for 
a third substrate, and it is unclear why PfXfn contains a small subunit. It is possible that 
the S subunit is a relic of evolution and has a structural, but no functional, role. However, 
the data presented here suggest that features in the small subunit may tune the 
electrocatalytic and binding properties of the L-FAD site. Thus, the small subunit may have 
an important role for the in vivo function of the enzyme. Further work will need to address 
which amino acids in particular cause the variations in the properties between PfXfn and 
PfNfnI. 
 
6.5.2 TsNfnABC 
TsNfnABC is the first known example of a trimeric Nfn enzyme. By analogy to 
other Nfn enzymes, we assume that the catalytic mechanism of TsNfnABC is similar to the 
dimeric Nfns. However, the electrocatalytic properties of TsNfnABC differ from PfNfnI. 
In particular, the low activity with NAD(H) and low activity for the electron bifurcation 
reaction with NADP+ and NADH, which could be indicative of a difference in catalytic 
mechanisms. Although, we cannot rule out the possibility that the differences between 
PfNfnI and TsNfnABC are a result of poor protein orientation on the electrode surface 
whereby the NAD(H) binding site is blocked to substrate transport or is too far from the 
electrode surface for electron transport. 
In Chapter 4 of this dissertation, we showed that changing to the coordination 
sphere of the [FeS] clusters near the FAD sites in PfNfnI could influence catalysis relative 
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to WT. Similar changes in catalysis are observed in TsNfnABC. TsNfnABC is more biased 
towards NADPH oxidation than NADP+ reduction compared to PfNfnI. By analogy to the 
work performed in Chapter 4, this could be a result of the higher number of [FeS] clusters 
in TsNfnABC relative to PfNfnI that make the FAD in the A subunit more oxidizing than 
L-FAD.   
It is noteworthy that P. furiosus and T. sibiricus, which are from the same family 
and have similar metabolisms,9, 15 express Nfn enzymes with different quaternary 
structures and catalytic properties. Nguyen et al. reported that at least one Nfn is required 
for robust growth in P. furiosus.8 Thus by analogy we hypothesize that Nfn is important 
for growth in T. sibiricus. It is not clear why T. sibiricus expresses a trimeric Nfn rather 
than a dimeric one, especially as organisms from the same family have a dimeric Nfn. It is 
possible that the properties of the trimeric Nfn may be more beneficial for growth in T. 
sibiricus than a dimeric Nfn. Further experiments should focus on the structural 
determinants that produce the differences exhibited in the trimeric TsNfnABC compared 
to dimeric Nfn enzymes and why T. sibiricus expresses a trimeric Nfn rather than a dimeric 
one. 
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Figure 6.1: Crystal structures from the small subunits of of PfNfnI (red, PDB: 5JFC)6 and 
PfXfn (turquoise, PDB: 5VJ7)8 overlaid. S-FAD is shown in stick format and elemental 
composition indicated by color (C = grey, H = white, N = blue, O = red, P = orange). Key 
amino acid residues in PfXfn that differ from PfNfnI are shown in dark blue. 
Corresponding amino acids in PfNfnI are dark red. The blue loop shows the additional loop 
region present in PfXfn. 
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Figure 6.2: Sequence alignment of PfNfnI and PfXfn. The asterisk symbols show amino 
acid residues that are identical between the two sequences. The major amino acid residue 
changes around the S-FAD mentioned in the main text are highlighted in cyan. 
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Figure 6.3: Square wave voltammograms from (A) PfNfnI, (B) PfXfn, and (C) TsNfnABC 
immobilized on graphite electrodes. Panel D shows a cyclic voltammogram at a potential 
scan rate of 20 mV s-1 from TsNfnABC immobilized on graphite. Experimental conditions: 
60 °C, pH 7, stationary electrode (A, B, and C), 100 Hz frequency (A, B, and C), 0.5 mV 
step potential (A, B, and C), 20 mV amplitude (A, B, and C), and 2500 rpm electrode 
rotation rate (D).  
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Figure 6.4: Cyclic voltammograms from (A) PfNfnI, (B) PfXfn, and (C) TsNfnABC 
immobilized on graphite electrodes in the presence of 1 mM each of NADP+ and NADPH. 
The dashed line shows the voltammogram of the protein without substrate. Experimental 
conditions: 60 °C, pH 7, potential scan rate of 20 mV s–1, and electrode rotation rate of 
2500 rpm. 
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Figure 6.5: Cyclic voltammograms from (A) PfNfnI, (B) PfXfn, and (C) TsNfnABC 
immobilized on graphite electrodes in the presence of 1 mM each of NAD+ and NADH. 
The dashed line shows the voltammogram of the protein without substrate. Experimental 
conditions: 60 °C, pH 7, potential scan rate of 20 mV s–1, and electrode rotation rate of 
2500 rpm. 
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Figure 6.6: Current-time traces from PfXfn immobilized on graphite electrodes in the 
presence of increasing concentrations (10 nM to 1 µM) of NADP+ (A) or NADPH (C). 
Michaelis-Menten curves from data in panels A and C are obtained by averaging the 
current at each substrate concentration over the entire time interval (see Materials and 
Methods for more information). Panel (B) is data from NADP+ and panel (D) from 
NADPH. Experimental conditions: 60 °C, pH 7, electrode rotation rate of 
2500 rpm, -490 mV (A, B), and 110 mV (C, D). 
  
148 
 
 
Figure 6.7: Current-time traces from TsNfnABC immobilized on graphite electrodes in the 
presence of increasing concentrations (10 nM to 1 µM) of NADP+ (A), NADPH (C), and 
NADH (E). Michaelis-Menten curves from data in panels A, C, and E are obtained by 
averaging the current at each substrate concentration over the entire time interval (see 
Materials and Methods for more information). Panel (B) is data from NADP+, panel (D) 
from NADPH, and panel (F) from NADH. Experimental conditions: 60 °C, pH 7, electrode 
rotation rate of 2500 rpm, -490 mV (A, B), and 110 mV (C, D, E, F). 
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Figure 6.8: Dependence of normalized catalytic current on pH for electrocatalytic NADP+ 
reduction by PfNfnI (A) and PfXfn (B) immobilized on graphite electrodes. Currents are 
normalized to the current at pH 7 at -0.69 V, as described in the main text. Error bars show 
the standard deviation from three independent protein films. 
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Figure 6.9: Cyclic voltammograms showing product inhibition of electrocatalysis by 
PfNfnI (A and B), PfXfn (C and D), and TsNfnABC (E and F) immobilized on graphite 
electrodes. Panels A, C, and E show inhibition of NADP+ reduction and panels B, D, and 
F show inhibition of NADPH oxidation. The black line is a voltammogram with 1 mM 
substrate. The red line is after the addition of 1 mM inhibitor, and the blue line is with 
1 mM substrate after the inhibitor has been removed. Experimental conditions: 60 °C, pH 
7, potential scan rate of 20 mV s–1, and electrode rotation rate of 2500 rpm. 
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Figure 6.10: Current-time trace from PfNfnI (A) and PfXfn (C) immobilized on graphite 
electrodes in the presence of 0.5 mM NADP+ and increasing concentrations of NADPH. 
Dixon plot from data in panel A, and C are obtained by averaging the current at each 
inhibitor (NADPH) concentration over the entire time interval (see Materials and Methods 
for more information). The red lines in panel B and D are linear least square regression 
lines extrapolated to negative values where the point of intersection is equal to -KiNADPH. 
Experimental conditions: 60 °C, pH 7, electrode rotation rate of 2500 rpm, -690 mV. 
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Figure 6.11: Current-time trace from TsNfnABC immobilized on graphite electrodes in 
the presence of 0.5 mM NADP+ and increasing concentrations of NADPH (A) and 0.5 mM 
NADPH and increasing concentrations of NADP+ (C). Dixon plot from data in panel A, 
and C are obtained by averaging the current at each inhibitor concentration over the entire 
time interval (see Materials and Methods for more information). The red lines in panel B 
and D are linear least square regression lines extrapolated to negative values where the 
point of intersection is equal to -Ki. Experimental conditions: 60 °C, pH 7, electrode 
rotation rate of 2500 rpm, -690 mV (A and B) or 110 mV (C and D). 
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Figure 6.12: Cyclic voltammograms from PfNfnI (A and C) and TsNfnABC (B and D) 
immobilized on graphite electrodes in the presence of 1 mM substrate (black) and after the 
addition of 1 mM of the electron bifurcation partner (red). The substrate is NADP+ and 
NADH the electron bifurcation partner in panels A and B. For panels C and D, the substrate 
is NADH and NADP+ is the electron bifurcation partner. Experimental conditions: pH 7, 
60 °C, 20 mV s-1, and electrode rotation rate of 2500 rpm. 
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Figure 6.13: Cyclic voltammograms from PfNfnI (A and C) and TsNfnABC (B and D) 
immobilized on graphite in the presence of 1 mM substrate (black) and after the addition 
of 1 mM electron bifurcation partner (red). For panels A and B, the substrate is NAD+ and 
NADPH is the electron bifurcation partner. For panels C and D, NADPH is the substrate 
and NAD+ is the electron bifurcation partner. Experimental conditions: pH 7, 60 °C, 
20 mV s-1, 2500 rpm. 
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Table 6.1: Michaelis constants for electrocatalytic activity of PfNfnI, PfXfn, and 
TsNfnABC immobilized on graphite electrodes. 
Km (µM) a NADP+ NAD+ NADPH NADH 
PfNfnI 12 ± 3b 17 ± 5 27 ± 16 22 ± 2 
PfXfn 15 ± 7 cN/A 8 ± 2 N/A 
TsNfnABC 57 ± 3 dND 139 ± 28 89 ± 63 
aActivity is measured at -490 mV and 110 mV for reductive and oxidative processes, 
respectively. 
bError bars represent the standard deviation of fixed potential experiments on three 
different protein films. 
c,dN/A = not applicable because the current was too low to measure. N/D = not determined. 
 
 
 
 
 
 
 
 
 
Table 6.2: Inhibition constants for electrocatalytic activity of PfNfnI, PfXfn, and 
TsNfnABC immobilized on graphite electrodes. 
Ki (µM)a NADP+ NAD+ NADPH NADH 
PfNfnI 15 ± 12b 36 ± 6 129 ± 9 53 ± 3 
PfXfn N/Ac N/A 1700 ± 100 N/A 
TsNfnABC 262 ± 48 N/A 488 ± 88 N/A 
aActivity is measured at -690 mV and 110 mV for reductive and oxidative processes, 
respectively. 
bError bars represent the standard deviation of fixed potential experiments on three 
different protein films. 
cN/A = not applicable because electrocatalytic current was too low to measure. 
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APPENDIX A 
FITTING PARAMETERS OF THE SCAN RATE DEPENDENCE OF THE 
REDUCTION POTENTIAL FOR THE FERREDOXINS FROM PYROCOCCUS 
FURIOSUS AND THERMOTOGA MARITIMA 
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Table A.1: Fitting parameters used in the fits of the scan rate dependence of the peak 
potentials for immobilized PfFd. 
Protein film 1 
Temperature 
(°C) 
k0 (s-1) E0 (V) Slope Peak Separation 
(V) 
n χ2 
25 790 -0.67 0.020 0.050 1 22 
45 1250 -0.63 0.022 0.048 1 69 
65 1660 -0.63 0.018 0.042 1 40 
80 2070 -0.64 0.007 0.041 1 64 
 
Protein film 2 
Temperature 
(°C) 
k0 (s-1) E0 (V) Slope Peak Separation 
(V) 
n χ2 
25 1050 -0.60 0.016 0.037 1 28 
45 1560 -0.63 0.014 0.036 1 19 
65 1940 -0.66 0.015 0.038 1 45 
80 2590 -0.67 0.015 0.034 1 58 
 
Protein film 3 
Temperature 
(°C) 
k0 (s-1) E0 (V) Slope Peak Separation 
(V) 
n χ2 
25 780 -0.63 0.014 0.047 1 108 
45 1260 -0.63 0.019 0.061 1 35 
65 1800 -0.64 0.021 0.068 1 18 
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Table A.2: Fitting parameters used in the fits of the scan rate dependence of the peak 
potentials for immobilized TmFd. 
Protein film 1 
Temperature 
(°C) 
k0 (s-1) E0 (V) Slope Peak Separation 
(V) 
n χ2 
25 2070 -0.67 0.001 0.038 1 28 
45 2510 -0.67 0.006 0.039 1 26 
60 3460 -0.67 0.006 0.029 1 11 
80 4800 -0.68 0.005 0.034 1 26 
 
Protein film 2 
Temperature 
(°C) 
k0 (s-1) E0 (V) Slope Peak Separation 
(V) 
n χ2 
25 2000 -0.62 0.011 0.035 1 30 
45 2620 -0.64 0.007 0.030 1 60 
60 2890 -0.65 0.004 0.031 1 84 
80 4520 -0.66 -0.001 0.027 1 76 
 
Protein film 3 
Temperature 
(°C) 
k0 (s-1) E0 (V) Slope Peak Separation 
(V) 
n χ2 
25 1920 -0.62 0.007 0.040 1 80 
45 2540 -0.64 0.010 0.030 1 208 
60 3240 -0.65 0.007 0.032 1 45 
80 4610 -0.65 0.000 0.030 1 84 
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APPENDIX B 
DETERMINATION OF THE MICHAELIS CONSTANTS OF THE NUCLEOTIDE 
SUBSTRATES FOR D223C, E126C, AND D223C/E126C VARIANTS OF NFNI 
FROM PYROCOCCUS FURIOSUS 
  
173 
 
 
Figure B.1: (Left) Raw current as a function of time at -490 mV with increasing 
concentrations (10 nM to 1 µM) of NADP+ from D223C (A), E126C (B), and 
D223C/E126C (C) PfNfnI variants absorbed at a PGE electrode. (Right) The 
(electrocatalytic current)-1 as a function of (substrate concentration)-1. These Lineweaver-
Burk plots are obtained by averaging the current at each substrate concentration over the 
entire time interval. Experimental conditions: 60 °C, pH 7, electrode rotation rate of 
2500 rpm, -490 mV. 
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Figure B.2: (Left) Raw current as a function of time at -490 mV with increasing 
concentrations (10 nM to 1 µM) of NAD+ from D223C (A), E126C (B), and D223C/E126C 
(C) PfNfnI variants absorbed at a PGE electrode. (Right) The (electrocatalytic current)-1 as 
a function of (substrate concentration)-1. These Lineweaver-Burk plots are obtained by 
averaging the current at each substrate concentration over the entire time interval. 
Experimental conditions: 60 °C, pH 7, electrode rotation rate of 2500 rpm, -490 mV. 
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Figure B.3: (Left) Raw current as a function of time at 110 mV with increasing 
concentrations (10 nM to 1 µM) of NADPH from D223C (A), E126C (B), and 
D223C/E126C (C) PfNfnI variants absorbed at a PGE electrode. (Right) The 
(electrocatalytic current)-1 as a function of (substrate concentration)-1. These Lineweaver-
Burk plots are obtained by averaging the current at each substrate concentration over the 
entire time interval. Experimental conditions: 60 °C, pH 7, electrode rotation rate of 
2500 rpm, 110 mV. 
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Figure B.4: (Left) Raw current as a function of time at 110 mV with increasing 
concentrations (10 nM to 1 µM) of NADH from D223C (A), E126C (B), and 
D223C/E126C (C) PfNfnI variants absorbed at a PGE electrode. (Right) The 
(electrocatalytic current)-1 as a function of (substrate concentration)-1. These Lineweaver-
Burk plots are obtained by averaging the current at each substrate concentration over the 
entire time interval. Experimental conditions: 60 °C, pH 7, electrode rotation rate of 
2500 rpm, 110 mV. 
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APPENDIX C 
DETERMINATION OF THE INHIBITION CONSTANTS OF THE NUCLEOTIDE 
SUBSTRATES FOR D223C, E126C, AND D223C/E126C VARIANTS OF NFNI 
FROM PYROCOCCUS FURIOSUS 
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Figure C.1: (Left) Raw current as a function of time at -690 mV with increasing 
concentrations of NADPH in the presence of 0.5 mM NADP+ from D223C (A), E126C 
(B), and D223C/E126C (C) PfNfnI variants absorbed at a PGE electrode. (Right) The 
(electrocatalytic current)-1 as a function inhibitor concentration. These Dixon plots are 
obtained by averaging the current at each substrate concentration over the entire time 
interval. The red lines are linear least square regression lines extrapolated to negative 
values where the point of intersection is equal to -Ki. Experimental conditions: 60 °C, pH 
7, electrode rotation rate of 2500 rpm, -690 mV. 
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Figure C.2: (Left) Raw current as a function of time at -690 mV with increasing 
concentrations of NADH in the presence of 0.5 mM NAD+ from D223C (A), E126C (B), 
and D223C/E126C (C) PfNfnI variants absorbed at a PGE electrode. (Right) The 
(electrocatalytic current)-1 as a function inhibitor concentration. These Dixon plots are 
obtained by averaging the current at each substrate concentration over the entire time 
interval. The red lines are linear least square regression lines extrapolated to negative 
values where the point of intersection is equal to -Ki. Experimental conditions: 60 °C, pH 
7, electrode rotation rate of 2500 rpm, -690 mV. 
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Figure C.3: (Left) Raw current as a function of time at 110 mV with increasing 
concentrations of NADP+ in the presence of 0.5 mM NADPH from D223C (A), E126C 
(B), and D223C/E126C (C) PfNfnI variants absorbed at a PGE electrode. (Right) The 
(electrocatalytic current)-1 as a function inhibitor concentration. These Dixon plots are 
obtained by averaging the current at each substrate concentration over the entire time 
interval. The red lines are linear least square regression lines extrapolated to negative 
values where the point of intersection is equal to -Ki. Experimental conditions: 60 °C, pH 
7, electrode rotation rate of 2500 rpm, 110 mV. 
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Figure C.4: (Left) Raw current as a function of time at 110 mV with increasing 
concentrations of NAD+ in the presence of 0.5 mM NADH from D223C (A), E126C (B), 
and D223C/E126C (C) PfNfnI variants absorbed at a PGE electrode. (Right) The 
(electrocatalytic current)-1 as a function inhibitor concentration. These Dixon plots are 
obtained by averaging the current at each substrate concentration over the entire time 
interval. The red lines are linear least square regression lines extrapolated to negative 
values where the point of intersection is equal to -Ki. Experimental conditions: 60 °C, pH 
7, electrode rotation rate of 2500 rpm, 110 mV. 
 
 
 
 
